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OXYSTEROL COMPOUNDS AND THE HEDGEHOG PATHWAY

This application claims the benefit of the filing dates of U.S. provisional applications
60/776,990, filed February 27, 2006; 60/802,737, filed May 22, 2005; and 60/809,736, filed
May 31, 2006; all of which are incorporated by reference herein in their entireties.

Aspects of the invention were made with U.S. government support provided by
NIH/NIA grant number IP60-AG10415 and NIH/NIAUS grant number RO1-AR050426. The

government has certain rights in the invention.

BACKGROUND INFORMATION

Oxysterols form a large family of oxygenated derivatives of cholesterol that are present
in the circulation, and in human and animal tissues. Oxysterols that have been identified in
human plasma to date include 7a-hydroxycholesterol, 24S-hydroxycholesterol, and 4a- and 43-
hydroxycholesterol, which are present at concentrations ranging from 5-500 ng/ml. These
oxysterols have a variety of half-lives in circulation ranging from 0.5-60 hours, and their levels
can be altered by aging, drug interventions, and disease processes. Oxysterols may be formed
either by autooxidation, as a secondary byproduct of lipid peroxidation, or by the action of
specific monooxygenases, most of which are members of the cytochrome P450 family of
enzymes. Examples of these enzymes are cholesterol 7o-hydroxylase (CYP7A1) that forms 7o~
hydroxycholesterol, cholesterol 25-hydroxylase that forms 25-hydroxycholesterol, cholesterol
24S-hydroxylase (CYP46) that forms 24S-hydroxycholesterol, and others. In addition,
oxysterols may be derived from the diet. Cytochrome P450 enzymes are also involved in the
further oxidation of oxysterols and their metabolism into active or inactive metabolites that leads
to their eventual removal from the system. Since certain oxysterols have potent effects on
cholesterol metabolism, their involvement in that process has been widely studied in recent
years. In addition, the presence of oxysterols in atherosclerotic lesions has prompted studies of
their potential role in the pathogenesis of this disorder. A role for specific oxysterols has been
implicated in various physiologic processes including cellular differentiation, inflammation,
apoptosis, and steroid production. Moreover, due to the abundance of cholesterol in living
organisms, the prooxidant nature of our environment, and the multitude of enzymatic and non-
enzymatic pathways for their production, it would not be surprising to find that oxysterols play

additional, as yet unidentified, roles in biological systems.
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Recently, several reports have noted the possible role of oxysterols in cellular
differentiation. Specific oxysterols induce the differentiation of human keratinocytes in vitro,
while monocyte differentiation can be induced by the oxysterol 7-ketocholesterol. Our previous
reports have shown that specific oxysterols induce the differentiation of pluripotent
mesenchymal cells into osteoblastic cells, while inhibiting their differentiation into adipocytes.
Differentiation of keratinocytes by oxysterols is mediated by the nuclear hormone receptor, liver
X receptor B (LXRP). LXRo and LXR, initially identified as orphan nuclear receptors, act as
receptors for oxysterols. However many of the effects of oxysterols are mediated by LXR-
independent mechanisms. These include their effects on mesenchymal cells, since activation of
LXR by specific LXR ligands inhibited, rather than stimulated, the osteogenic differentiation of
mesenchymal cells. Furthermore, MSC derived from LXR null mice were able to respond to
osteogenic oxysterols as well as their wild type counterparts. Additional oxysterol binding
proteins have been reported that can regulate the activity of signaling molecules such as
mitogen-activated protein kinase (MAPK).

Hedgehog molecules have been shown to play key roles in a variety of processes
including tissue patterning, mitogenesis, morphogenesis, cellular differentiation and embryonic
developments. In addition to its role in embryonic development, hedgehog signaling plays a
crucial role in postnatal development and maintenancé of tissue/organ integrity and function.
Studies using genetically engineered mice have demonstrated that hedgehog signaling is
important during skeletogenesis as well as in the development of osteoblasts in vitro and in vivo.
In addition to playing a pro-osteogenic role, hedgehog signaling also inhibits adipogenesis when
applied to pluripotent mesenchymal cells, C3H-10T 1/2.

Hedgehog signaling involves a very complex network of signaling molecules that
includes plasma membrane proteins, kinases, phosphatases, and factors that facilitate the
shuffling and distribution of hedgehog molecules. Production of hedgehog molecules from a
subset of producing/signaling cells involves its synthesis, autoprocessing and lipid modification.
Lipid modification of hedgehog, which appears to be essential for its functionality, involves the
addition of a cholesterol molecule to the C-terminal domain of the auto-cleaved hedgehog
molecule and palmitoylation at its N-terminal domain. Additional accessory factors help shuttle
hedgehog molecules to the plasma membrane of the signaling cells, release them into the

extracellular environment, and transport them to the responding cells.
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In the absence of hedgehog molecules, Patched (Ptch), present on the plasma membrane
of the responding cells, keeps hedgehog signaling in a silent mode by inhibiting the activity of
another plasma membrane associated signal transducer molecule, Smoothened (Smo). In the
presence of hedgehog, the inhibition of Smo by Ptch is alleviated and Smo transduces the signal
for the regulation of transcription of hedgehog-regulated genes. This transcriptional regulation in
part involves the Ci/Gli transcription factors that enter the nucleus from the cytoplasm after a
very intricate interaction between the members of a complex of accessory molecules that
regulate Gli and its conversion from a 75 kd transcriptional repressbr to a 155 kd transcriptional
activator. The details of this highly complex signaling network have been extensively reviewed.
(Cohen (2003) Am J Med Gen 123A, 5-28; Mullor et al.'(2002) Trends Cell Bio 12, 562-569).

DESCRIPTION OF THE DRAWINGS

Figure 1 shows the effect of different synthetic oxysterols on adipogenic differentiation.

Figure 2 shows that osteogenic oxysterols activate the Hedgehog (Hh) pathway. Quantitative
Real-Time PCR (Q-RT-PCR) of mRNA from M2 cells treated with control vehicle (C), 5 uM
of a combination of 20(S)-hydroxycholesterol and 22(S)-hydroxycholesterol in a ratio of 1:1
(SS) or 200 ng/ml Sonic Hedgehog (Shh) were analyzed for induction of the Hh target genes
Gli-1 (a) and Patched (Pich) (b). Data from a representative experiment are reported as the mean
of quadruplicate determination + s.d. (p<0.005 for C vs. SS and Shh at all time points for Gli-1
and Ptch). (c) Hh pathway activation as measured by Gfi—dependent luciferase reporter (Gli-Luc)
activity in M2 cells. Cells were pre-treated for 2 hours with 4 uM cyclopamine (Cyc) or
dimethylsulfoxide (DMSO) vehicle, followed by 48 hours of treatment with control vehicle (C),
5 uM'SS or 200 ng/ml Shh (p<0.002 for C vs. SS and Shh Gli-Luc, and for SS and Shh each
with vs. without Cyc). (d) Non-osteoinductive oxysterols, 7-a-hydroxycholesterol (7-alpha-HC)
and 7-keto-hydroxycholesterol (7-keto-HC), each uséd at 5'uM, as well as the Liver X Receptor
(LXR) agonist TO-901317 (TO) were assessed in parallel with 5 puM of osteoinductive
oxysterols SS, and 200 ng/ml Shh for induction of Gli-luc reporter activity.

Figure 3 shows that the Hedgehog pathway inhibitor, cyclopamine, inhibits oxysterol-induced
osteoblastic differentiation. (a) Alkaline phosphatase activity assay in M2 cells pre-treated with

various doses of cyclopamine (Cyc) or DMSO vehicle-for 2 hours followed by treatment for 3
3
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days with the oxysterol combination, SS. Results from a representative experiment are reported
as the mean of quadruplicate determinations + s.d. and normalized to protein concentrations.
(p<0.001 for C vs. SS and SS vs SS + Cyc at all concentrations). (b) EMSA analysis for Runx2
DNA Binding Activity in M2 cells treated for 4 days with control vehicle or 5 pM SS following
pre-treatment with 4 uyM Cyc or DMSO vehicle for 2 hours. The shifted band (arrow) was
previously characterized as Runx2 by supershift analysis and competition studies. (c) Analysis
of osteocalcin (OCN) mRNA expression by Northern Blotting. M2 cells were pre-treated with 4
pM Cyec for 2 hours followed by treatment with control vehicle (C) or 5 uM SS for 8 days. Blots
were quantitated by phosphorimaging and OCN express.ion was normalized to 18S rRNA levels.
(d) **Ca incorporation assay was used to measure mineralization in M2 cells pre-treated with 4
uM Cyc or DMSO vehicle for 2 hours, and then treated with S uM SS for 14 days. Data from a
representative experiment are reported as the mean of quadruplicate determinations + s.d. and
normalized to protein concentrations. (2<0.001 for C vs. SS and SS vs. SS + Cyc at 0.5 pM and

above).

Figure 4 shows the effect of Shh neutralizing antibody on oxysterol- and Shh-induced ALP
activity. M2 cells were treated with control vehicle (C), 5 pM SS, or 200 ng/ml Shh in the
absence or presence of 5 or 10 pg/ml of Shh neutralizing antibody (Ab). Cells were cultured for
3 days and the extracts were analyzed for alkaline phosphatase activity. Results from a
representative experiment are reported as the mean of.quadruplicate determinations * s.d. and
normalized to protein concentrations (<0.005 for C vs. SS and Shh; p<0.001 for Shh vs.
Shh+Ab at both concentrations; p=0.8 for SS vs. SS+Ab at both concentrations).

Figure 5 shows Hedgehog pathway activation in mouse embryonic fibroblasts. (a) C3H10T1/2
cells were treated with control vehicle or 5 uM SS with and without pre-treatment with
cyclopamine (Cyc). Samples were analyzed for alkaline phosphatase activity after two days
(»p<0.001 for Control vs. 8S, and for SS vs. SS+Cyc). (b) Oxysterol-induced Hh pathway
activation in C3H10T1/2 cells as measured by Gli-luc reporter assay. Cells were treated with
control vehicle or 5 uM SS with or without pre-treatment with 4 pM Cyc (p<0.001 for Control
vs. S8, and for SS vs. SS+Cyc Gli-luc). (c) Gli-dependent luciferase reporter assay in Smo-/-
MEFs. Cells were transfected with or without ‘Smoothened (Smo) expression vector and
assessed for responsiveness to control vehicle, 5 pM SS or conditioned medium from ShhN

overexpressing cells (ShhN-CM) (p<0.001 for control vs. ShhN-CM and SS with Smo
4
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expression vector) (d) Alkaline phosphatase assay of'Smo -/- Mouse Embryonic Fibroblasts
(MEFs) treated with various concentrations of SS or with 50ng/ml Bone Morphogenic Protein 7
(BMP-7) for two days (p<0.001 for control vs. BMP-7). (e) Gli dependent luciferase reporter
assay in Ptch-/- MEFs. Cells were transfected with or without Ptch expression vector and
analyzed for their response to control vehicle, 5 uM SS or conditioned medium from ShhN
overexpressing cells (ShhN-CM) (p<0.001 for control vs. SS and Shh-CM with Ptch expression
vector). (f) Cyc titration assay in Ptch-/- MEFs in the pr'csencc or absence of oxysterols. Similar
concentrations of cyclopamine are required to inhibit Gli-dependent luciferase expression in
Ptch-/- MEFs in the absence or presence of 5 pM S8, as demonstrated by the percentage of
maximum Hh pathway activation after 48 hours of treatment. Data from a representative
experiment are reported as mean =+ s.d. of triplicate samples. (g) 200 nM KAAD-cyclopamine
blocks the binding of BODIPY-cyclopamine to Smo-expressing HEK293S cells, but 5 pM of
208 or 228, alone or in combination, are unable to reduce BODIPY-cyclopamine binding.
Nonspecific binding as defined by cellular BODIPY -cyclopamine levels in the absence of Smo

expression is indicated by the dashed line.

Figure 6 shows the effect of protein kinase C inhibition on oxysterol-induced expression of
hedgehog ‘target genes. (a, b) M2 cells were pretreated for 2 hours with’ control vehicle or
rottlerin (Rot) at the concentrations indicated (uM). Next, oxysterol combination SS or control
vehicle (C) were added and after 24 hours of treatments, RNA was isolated and analyzed by Q-
RT-PCR for Gli-1 (a) and Ptch (b) expression. Data from a representative experiment are
reported as the mean of triplicate determination * s.d. (p<0.001 for C vs. SS and for SS vs.
SS+Rot at all Rot concentrations for both G/i-1 and Psch expression, except for S8 vs. SS+Rotl
Glil expression where p<0.01.) Rot alone at all concentrations tested had no significant effect
on gene expression (data not shown). (c, d) M2 cells were pretreated overnight with 1 pM PMA
or control vehicle followed by the addition of SS or control vehicle (C). After 24 hours of
treatments, Gli-1 (c) and Ptch (d) mRNA expression was analyzed by Q-RT-PCR. Data from a
representative experiment are reported as the mean of triplicate determinations =+ s.d. (»<0.001
for C vs. SS and for SS vs. PMA+SS for both Gli-1 and Ptch expression).

Figure 7 shows graphically the bone formation scoring for rats treated with Oxy13 for two

weeks (pump admihistration) in a rat periosteal femur model.-
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Figure 8 shows graphically the bone formation scoring for rats treated with Oxy13 for four

weeks (pump administration) in a rat periosteal femur model.
Figure 9 presents structures of several oxysterols according to the invention.

Figure 10 shows the effect of OXY 1 - OXY 11 on Gli reporter activity in M2-10B4 (M2)

Marrow Stromal Cells.

- DESCRIPTION OF THE INVENTION

The present invention relates, e.g., to novel synthetic oxysterols. The oxysterols can
exhibit any of a variety of activities, including the stimulation of osteomorphogenesis or
osteoproliferation, and/or the inhibition of adipocyte morphogenesis or adipocyte proliferation,
and thus can be used to treat conditions mediated by, or exhibiting aberrant expression of, those
physiological phenomena. The inventors report herein that certain oxysterols act by stimulating
the hedgehog (Hh) signaling pathway. Thus oxysterols, including naturally occurring molecules
as well as synthetic ones, can enhance this pathway, either in vitro or in vivo (in a subject) and
can be used to treat conditions mediated by elements of the Hh pathway.

Advantages of oxysterols of the invention and methods for using them, e.g. for the
treatment of suitable subjects, include that the compounds are inexpensive to manufacture, can
be easily administered (e.g. locally or systemically), and exhibit great efficacy and potency.
Bone morphogenic proteins (BMPs) can be used to' enhance bone healing, but very large
amounts of those proteins are required. Because oxysterols of the invention act synergistically
with certain BMPs, lower doses of the proteins are required when they are co-administered with
an oxysterol of the invention. This is another advantage of oxysterols of the invention. In some
embodiments, administration of the compounds of the invention allows one to circumvent

surgery, which can lead to scarring, e.g. in cosmetically sensitive areas.

One aspect of the invention is an oxysterol (e.g., an isolated oxysterol) represented by

Formula 1.
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HO

Formula 1

In Formula 1, J can be hydrogen (H) or hydroxyl (OH), L can be hydrogen (H) or
hydroxyl (OH), and R; can be a linear or branched alkane of from 1 to 6 carbons, a linear or
branched alkene of from 2 to 6 carbons, or phenyl optionally substituted with methyl. For
example, at least one of J and L can be hydroxyl (OH) and/or at least one of J and L can be
hydrogen (H). For example, R; can be other than 3-methylbutyl. For example, when J is OH,
R, can be other than 3-methyl-2-butenyl, and when L is OH, R, can be other than n-propyl.

In one embodiment of the invention, J is hydroxyl (OH) and L is hydrogen (H). R; can
be an alkane of from 5 to 6 carbons, for example, an alkane of from 5 to 6 carbons other than 3-
methylbutyl. For example, Ry can be 4-methylpentyl (Oxy 12). R; can be an alkene of from 5
to 6 carbons, for example, an alkene of from 5 to 6 carbons other than 3-methy!l-2-butenyl. For
example R; can be 3-methyl-3‘—butenyl (Oxy 13). R; can be phenyl optionally substituted with
methyl. For example, R can be 3-methylphenyl (Oxy 11).

In another embodiment, J is hydrogen (H) and L is hydroxyl (OH). R; can be an alkane
of from 1 to 6 carbons. For example, R, can be methyl (Oxy 4), ethyl (Oxy 3), n-butyl (Oxy 9),
or 4-methylpentyl (Oxy 7).

In another embodiment, J is hydroxyl (OH) and K is hydroxyl (OH). R; can be an alkane
of from 1 to 6 carbons. For example, R; can be 3-methylbutyl (Oxy 15 and Oxy 16).

In another embodiment, a compound has Formula I and J is H or OH and L is H or OH.
At least one of J and L is H and at least one of J and L is OH. R1 is selected from the group
consisting of alkane of from 1 to 6 carbons, alkene of from 2 to 6 carbons, and phenyl optionally
substituted with methyl. R1 is not 3-methylbutyl. When J is OH, R1 is not 3-methyl-2-butenyl.
When L is OH, R1 is not n-propyl.
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One embodiment is a pharmaceutical composition that comprises a compound having
Formula I and a pharmaceutically acceptable carrier. J 'is Hor OH, and L is H or OH. At least
one of J and L is OH. R1 is selected from the group consisting of alkane of from 1 to 6 carbons,
alkene of from 2 to 6 carbons, and phenyl optionally substituted with methyl. When one of J
and L is H, R1 is not 3-methylbutyl. In another embodiment, the pharmaceutical composition
further includes at least one additional oxysterol.

In one embodiment, the pharmaceutical composition includes at least two of Oxy 3, Oxy
4, Oxy 7, Oxy 9, Oxy 11, Oxy 12, Oxy 13, Oxy 14, and Oxy 15. The pharmaceutical
composition may further comprise at least one of 20(S)-hydroxycholesterol, 22(S)-
hydroxycholesterol, or 22(R)- hydroxycholesterol, or any other oxysterol. In one embodiment,
the pharmaceutical composition includes Oxy 16.

Another aspect of the invention is a complex (in vitro or in vivo) comprising an oxysterol
of the invention and any of variety of intracellular oxysterol binding molecules (e.g., proteins,
receptors, etc.), examples of which will be evident to the skilled worker.

As used herein, the singular forms "a," "an" and "the" include plural referents unless the
context clearly dictates otherwise. For example, "an" oxysterol" includes muiltiple oxysterols,
e.g.2,3,4, 5 or more oxysterols, which can be the same or different.

Another aspect of the invention is a combination or pharmaceutical composition
comprising an oxysterol of the invention (optionally in combination of other agents as discussed
above) and at least one additional agent, selected, e.g., from the group consisting of parathyroid
hormone, sodium fluoride, insulin-like growth factor I (ILGF-I), insulin-like growth factor II
(ILGF-II), transforming growth factor beta (TGF-B), a cytochrome P450 inhibitor, a
phospholipase activator, arachadonic acid, a COX enzyme activator, an osteogenic prostanoid,
an ERK activator, BMP 2, 4, 7 and 14.

Another aspect of the invention is a kit for performing any of the methods discussed
herein, comprising one or more oxysterols of the invention, individually or in combination with
one another, or in combination with naturally occurring oxysterols and/or with BMPs or other
agents noted herein, optionally packaged in one or more containers. When the kit is for treating a
subject, the oxysterol(s) may be in the form of a pharmaceutically acceptable composition.

Another aspect of the invention is a methed for modulating a hedgehog (Hh) pathway
mediated response in a cell or tissue, comprising contacting the cell or tissue with an effective

amount of an oxysterol or a pharmaceutical composition of the invention. The cell or tissue may
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be in vitro or in a subject (in vivo). In the latter case, the subject can be one who would benefit,
e.g., from the stimulation of osteomorphogenesis, osteoproliferation or hair growth; or the
inhibition of adipocyte morphogenesis or adipocyte proliferation. '

A "subject,” as used herein, includes any animal that exhibits a symptom of a condition
that can be treated with an oxysterol of the invention. Suitable subjects (patients) include
laboratory animals (such as mouse, rat, rabbit, or gliinea pig), farm animals, and domestic
animals or pets (such as a cat or dog). Non-human primates and, preferably, human patients, are
included. Typical subjects include animals that exhibit aberrant amounts (lower or higher
amounts than a "normal” or "healthy” subject) of one or more physiological activities that can be
modulated by an oxystérol of the invention (e.g. stimulation of osteomorphogenesis or
osteoproliferation, and/or the inhibition of adipocyte morphogenesis or adipocyte proliferation).
Subjects exhibiting non-pathogenic conditions, such as alopecia, are also included. The ability of
an oxysterol to "modulate" a response, as used herein, includes the ability to increase or to
decrease the level of the response compared to the response elicited in the absence of the
oxysterol. The aberrant activities may be regulated by any of a variety of mechanisms, including
activation of a hedg'eﬁog‘ activity, ‘etc. The aberrant activities can resulf in a pathological
condition. '

An "effective amount,” as used herein, includes an amount that can bring about a
detectable effect. A "therapeutically effective amount,” as used herein, includes an amount that
can bring about a detectable therapeutic effect (e.g. the amelioration of a symptom).

Another aspect of the invention is a method for treating a subject suffering from a
condition known to be mediated by oxysterols or by the hedgehog pathway, comprising
administering to the subject an effective amount of an oxysterol or a pharmaceutical
composition of the invention. Some such conditions are discussed elsewhere herein.

Another aspect of the invention is a method for inducing osteoblastic differentiation of a
mammalian mesenchymal stem cell, comprising contacting the cell with an effective amount of
an oxysterol or a pharmaceutical composition of the invention. This method can further
comprise treating the mammalian mesenchymal cell with at least one secondary agent, selected
from the group consisting of parathyroid hormone, sodium fluoride, insulin-like growth factor I
(ILGF-I), insulin-like growth factor II (ILGF-II), transformiﬁg growth factor beta (TGF-B), a
cytochrome P450 inhibitor, a phospholipase activator, arachadonic acid, a COX enzyme

activator, an osteogenic prostanoid and an ERK activator.
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Other aspects of the invention using an oxysterol or a pharmaceutical composition of the
invention include methods for (1) stimulating a mammalian cell (e.g. a mesenchymal stem cell,
an osteoprogenitor cell or a cell in a calvarial organ culture) to express a level of a biological
marker of osteoblastic differentiation (e.g. an increase in at least one of alkaline phosphatase
activity, calcium incorporation, mineralization or expression of osteocalcin mRNA) which is
greater than the level of the biological marker in an untreated cell; (2) treating a subject (patient)
to increase the differentiation of marrow stromal cells into osteoblasts; (3) treating a subject to
induce bone formation (to increase bone mass); or (4) treating a patient exhibiting clinical
symptoms of osteoporosis. Methods for treating a subject may comprise administering an
oxysterol ora pharmaceutlcal composition of the invention at a therapeutically effective dose, in
an effective dosage form, and at a selected interval to effectively carry out the elicit the desired
response (e.g. to increase bone mass, to increase the number of osteoblasts present in bone
tissue, to ameliorate the symptoms of the osteoporosis, /respectivc]y).

Another aspect of the invention is a method for treating a subject to induce bone
formation comprising: harvesting mammalian mesenchymal stem cells; treating the mammalian
mesenchymal cells with an oxysterol or a pharmaceutical composition of the invention, wherein
the oxysterol induces the mesenchymal stem cells to express at least one cellular marker of
osteoblastic differentiation; and administering the differentiated cells to the subject.

Another aspect of the invention is an implant for use in an animal (e.g. human) body,
comprising a substrate having a surface, wherein at least the surface of the implant includes an
oxysterol or a pharmaceutical composition of the invention, in an amount sufficient to induce
bone formation in the surrounding bone tissue. The substrate may be formed into the shape of,
e.g., a pin, screw, plate, or prosthetic joint. ‘

Another aspect of the invention is a method for mhlbltmg adlpocytc dlfferentlatlon of a
mammalian mesenchymal stem cell, comprising contacting the mesenchymal stem cell with'an
effective amount of an oxysterol or a pharmaceutical composition of the invention. The cell may
be in vitro or in a subject (in vivo).

Another aspect of the invention is a method for treating a subject in need of wound
healing, angiogenesis, an increase in osteomorphogenesis or osteoproliferation (e.g., a subject in
need of bone healing or suffering from osteoporosis), weight reduction, hair growth, the

enhancement of cartilage production, or suffering from a neurological disorder.
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Another aspect of the invention is a method for identifying a modulator of a hedgehog
pathway-mediated activity, comprising screening candidate oxysterols for the ability to
modulate an activity in one of the hedgehog-related in vitro assays discussed herein (e.g.,
induction of expression of the Gli-1 gene, for example by stimulation of a Glil promoter;
activation of a reporter construct driven by a multimerized Gli-1 responsive element; induction -
of expression of Parched; inhibition of a putative oxysterol-indyced effect by cyclopamine; etc.

Another aspect of the invention is in a method for modulating a hedgehog (Hh) pathway
mediated response in a cell or tissue (in vitro or in a subject), the improvement comprising
contacting the cell or tissue with an oxysterol of the invention. Another aspect of the invention is
in a method for treating a subject for one of the indications as described herein (e.g., to increase
the differentiation of marrow stromal cells into osteoblasts, or to induce bone formation, the
improvement comprising contacting the cell or tissue with an oxysterol of the invention).

One aspect of the invention is an oxysterol (e.g. an isolated oxysterol) of the invention as
represented by Formula I, above. Examples of oxysterols, designated as Oxy 1 through Oxy 4
and Oxy 6 through Oxy 16 are presented in Figure 9. For example, the compounds designated as
Oxy 7, Oxy 9, Oxyll, Oxyl2, Oxyl13, Oxy 14, and Oxy 15 can stimulate at least a measurable
amount of a hedgehog-mediated pathway and/or osteomorphogenesis or osteoproliferation (or a
marker thereof), and/or can inhibit at least a measurable amount of adipocyte morphogenesis or
adipocyte proliferation (or a marker thereof). Oxy 3 and Oxy 4 can act as enhancers of activity
in combination with other oxysterols. For example, the combination of Oxy 3 and 20(S)-
hydroxycholesterol, as well-as the combination of Oxy4 and 20(S)-hydroxycholestol were found
to enhance the incorporation of **Ca in an assay used to measure mineralization in M2 cells over
the incorporation when .only 20(S)-hydroxycholestol was applied. Oxy 7 was found to be
minimally enhancing of activity.

Other oxysterols (e.g. Oxy 1, Oxy 2 and O);y 16) have not been demonstrated to
modulate one of the activities mentioned above. However, these molecules, which share
structural features with the oxysterols discussed above, would be expected to act as competitive
inhibitors of those compounds and, in some cases, to act as antagonists of one of the mentioned
activities (e.g., of osteomorphogenesis or osteoproliferation, etc.).

In some aspects of the invention (e.g., methods in which oxysterols are used to stimulate
members of the Hh pathway, naturally occurring oxysterols (e.g., 22(S)-hydroxycholesterol

(sometimes referred to herein as "22S"); 22(R)-hydroxycholesterol (sometimes referred to herein
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as "22R"); 20(S)-hydroxycholesterol (also known as 20-alpha hydroxycholesterol, and
sometimes referred to herein as "20S"); S5-cholesten-3beta, 20alpha-diol 3-acetate; 24-
hydroxycholesterol; 24(S), 25-epoxycholesterol; pregnanolone, 26-hydroxycholesterol; 4beta-
hydroxycholesterol; can also be used.

By "isolated" is meant removed from its original environment (e.g., the natural
environment if it is naturally occurring), and/or separated ﬁdm at least one other component with
which it is naturally associated. For example, a naturally-occurring oxysterol present in its natural
living host is not isolated, but the same oxysterol, separated from some or all of the coexisting
materials in the natural system, is isolated. Such an oxysterol can be part of a composition (e.g. a
pharmaceutical composition), and still be isolated in that such composition is not part of its natural
environment. Also, an intermediate product in the synthesis of another oxysterol, wherein the
intermediate product is not purified or separated from other components in the reaction pathway, is
not isolated.

It was observed that the hydroxyl groups in 20(S)-hydroxylcholesterol and 22(S)-
hydroxycholesterol are about 12-14 A apart. Therefore, the putative receptor that mediates the
effects of ostecinductive oxysterols may have a requirement for a diol in which the two hydroxyl
groups ‘are approximately 12-14- A “apari.” In this lizht, we have synthesized and envision
reaction schemes for the synthesis of synthetic oxysterols and derivatives thereof in which the
functional group at the steroid 17 position is modified. With respect to modification of the
functional group at the steroid 17 position, variants include, for example, the following:
placement of a hydroxyl group at the steroid 20 position, the steroid 22 position, or both;
inclusion of only single carbon-carbon bonds (alkane), double bonds (alkene), triple bonds
(alkyne), or aromatic groups (e.g., phenyl, methylphenyl) in the functional group; and variation
of stereochemistry. It is desirable to produce synthetic oxysterols that are derivatives of 20S-
hydroxycholesterol and that are active even in the absence of 22S-hydroxycholesterol or 22R-
hydroxycholesterol. For example, such synthetic oxysterols can be active in that they induce a
measurable amount of a hedgehog-mediated pathway and/or osteomorphogenesis or
osteoproliferation (or a marker thereof), and/or inhibit at least a measurable amount of adipocyte
morphogenesis or adipocyte proliferation (or a marker tﬁereof).

Combinations of oxysterols of the invention, with one another and/or with other
oxysterols, including naturally oc:curring oxysterols; "can "also ‘be used” in- methods of the

invention. Among the naturally occurring oxysterols that can be used are: 22(S)-
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hydroxycholesterol; 22(R)-hydroxycholesterol; 20(S)-hydroxycholesterol (also known as 20-
alpha hydroxycholesterol); 5-cholesten-3beta, 20alpha-diol 3-acetate; 24-hydroxycholesterol;
24(8), 25-epoxycholesterol; 26-hydroxycholesterol; and/or 4beta-hydroxycholesterol.

Methods for making the oxysterols of the invention are conventional. Example VIII,
below, provides illustrative synthetic procedures, as well as bibliographic citations.

The oxysterols discussed herein can be used to modulate a variety of responses or
activities in a cell or tissue, in vitro or in vivo (in a subject). By "modulate” is meant is to
increase or decrease the degree of the response.

The Examples herein illustrate some of the many activities that are exhibited by
oxysterols of the invention. The present inventors and colleagues previously demonstrated that
naturally occurring oxysterols (e.g. 22(S)-hydroxycholesterol (sometimes referred to herein as
"28"); 22(R)-hydroxycholesterol (sometimes referred to herein as "22R"); 20(S)-
hydroxycholesterol (also known as 20-alpha hydroxycholesterol, and sometimes referred to
herein as "20S"); 5-cholesten-3beta, 20alpha-diol 3-acetate; 24-hydroxycholesterol; 24(S), 25-
epoxycholesterol; pregnanolone, 26-hydroxycholesterol; and  4beta-hydroxycholesterol;
individually or in combination, exhibit osteogenic and .anti-adipogenic properties. See, e.g., the
commonly owned and published PCT . international applications W02004/019884,
W02005/020928, WO2005/020928; and W02006/12902, all of which are incorporated herein
by reference in their entirety. See also Dwyer ef al. (Jan. 2, 2007), J. Biol. Chem, Epub ahead of
print; Parhami et al. (2002) J. Bone Miner. Res. 17, 1997-2003; Kha et al. (2004) J Borne Miner
Res. 19, 830-840; Shouhed et al. (2005) J Cell Biochem.95, 1276-1283; Richardson et al. (2006)
(J Cell Biochem, in press); and Aghaloo et al. (2006) J Orthop Res, in press). In the present
application, the inventors report that the novel oxysterols of the invention exhibit similar
activities, as well as further activities. Such activities were demonstrated by a variety of markers
of such activities.

Example 11 shows the ability of certain oxysterols to induce the formation of osteoblastic
cells in cultures of marrow stromal cells, which are progenitors of osteoblastic cells that make
bone. In order to assess osteogenic differentiation of cells, one or more markers of osteogenic
differentiation were measured in untreated cells and cells treated with the test oxysterols. These
markers include alkaline phosphatase (ALP) activity, osteocalcin mRNA expression and mineral
formation in cultures of marrow stromal cells. Activation of one or more markers by a single or

combination of oxysterols is indicative of their osteogenic property. Furthermore, the ability of

13



10

15

20

25

30

WO 2007/098281 PCT/US2007/005073

these molecules to inhibit adipocyte formation was demonstrated in a conventional in vitro
adipocyte differentiation assay using pluripotent bone marrow stromal cells.

Examples I1I-VI show other properties of oxyslterols. Example VI shows that naturally
occurring oxysterols can enhance hair growth in mice.

Example VII investigates a molecular mechanism by which oxysterols induce the
osteogemc and inhibit the adlpogemc differentiation of progemtor cells, and shows that
oxysterols activate the Gli transcrlptlon factor that medlatcs sugnalmg in response to hedgehog
molecules. In addition to naturally occurring oxysterols, at least the following synthetic
oxysterols of the invention were shown to affect the hedgehog pathway (as indicated by the
stimulation of Gli reporter activity in M2-10B4 Marrow Stromal Cells): Oxy 9, 11, 12, 13, and
14. See Fig. 10.

Oxysterols can be used to treat a number of indications in subjects. For example, the
hedgehog signaling pathway (sometimes referred to herein as "hedgehog" or "hedgehog
pathway") has been reported to be implicated in a number of pathological conditions, and
agonists or antagonists of components of the hedgehog signaling pathway have been suggested
to serve as potential treatments for such conditions. Particular oxysterols of the invention can be
used to treat- such hedgehog-mediated conditions.  Furthermore, certain oxysterols have been
reported to elicit a variety of effects, including potent effects on cholesterol metabolism, to be
present in atherosclerotic lesions, and to play a role in various physiologic processes, including,
e.g., cellular differentiation, inflammation, apoptosis, adipogenesis and adipocyte differentiation,
bone morphogenesis and différentiation (osteogenesis or osteogenic differentiation),
neuroprotection, chondrocyte proliferation and differentiation, and steroid production. Particular
oxysterols of the present invention can be used to modulate such activities, and to treat
conditions in which such activities play a pathological role. !

A variety of conditions can be treated by compounds of the invention. Some of these
conditions have been reported to be mediated by aberrant expression of a hedgehog signaling
pathway; others have been reported to be mediated by other mechanisms discussed elsewhere
herein. In some conditions, these mechanisms overlap. Without being bound by any particular
mechanism, it is suggested that among the conditions that can be tréated by oxysterols of the
invention are, e.g.: (1) conditions that benefit from an enhancement of bone morphogenesis
and/or proliferation. These conditions include, e.g., bone healing (e.g., of bone fractures),

osteoporosis, metabolic bone disease, or chronic kidney disease and related disorders associated
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with end stage renal disease. As noted elsewhere herein, compounds of the invention exhibit a
synergistic effect with certain bone morphogenic proteins (BMPs, e.g. BMP 2, 4, 7 or 14). The
administration of a compound of the invention, alone or in combination with an added BMP, can
be used when it is desirable, e.g., to enhance an activity of a BMP, such as to promote bone
growth, maintain kidney structure and function, promote skeletal mineralization, prevent
vascular calcification, etc; (2) conditions that benefit from the inhibition of adipogenesis or
adipogenic differentiation of cells, including, e.g., obesity; (3) cancers whose growth and/or
metastasis can be inhibited, including, e.g., basal cell carcinoma (e.g., using a topical
formulation) or other solid tumors, including medulloblastoma, small cell lung cancer,
pancreatic cancer, stomach cancer, esophageal cancer, colorectal cancer, prostate cancer and
breast cancer (e.g., using a systemic formulation); (4) neurological disorders, including, e.g.,
stroke, and conditions requiring neuroprotection or the need for repair of damaged nerves,
including reduction of infarct size; (5) alopecia (loss of hair growth, such as in male pattern
baldness), wherein it is desirable to initiate and/or maintain hair growth, e.g., by stimulating
follicle growth, thickness, quality or quantity of hair; (6) cardiovascular disorders (e.g., using
local delivery); and (7) disorders that would benefit from enhanced chondrocyte proliferation
and/or differentiation (e.g. the enhancement of cartilage production), such as osteoarthritis, loss
of cartilage associated with aging; etc. : ) ' o

Treatment with a compound of the invention can be used to enhance survival of neurons
and other neuronal cells in both the central nervous system and the peripheral nervous system.
The terms "a compound of the invention” or a "hedgehog agonist" are sometimes used herein to
refer to a synthetic oxysterol of the invention. Without wishing to be bound by any particular
mechanism, it is suggested that the ability of hedgehog protein to regulate neuronal
differentiation during development of the nervous system and also presumably in the adult state
indicates that certain of the hedgehog proteins can be reasonably expected to facilitate control of
adult neurons with regard to maintenance, functional performance, and aging of normal cells;
repair and regeneration processes in chemically or mechanically lesioned cells; and prevention
of degeneration and premature death which result from loss of differentiation in certain
pathological conditions. In light of this understanding, the present invention specifically
contemplates applications of the subject method to the treatment of (prevcntfon and/or reduction
of the severity of) neurological conditions deriving from: (i) acute, subacute, or chronic injury to

the nervous system, inc]uding.traumatic injury, chemical injury, vasal injury and deficits (such
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as the ischemia resulting from stroke), together with infectious/inflammatory and tumor-induced
injury; (ii) aging of the nervous system including Alzheimer's disease; (iii) chronic
neurodegenerative diseases of the nervous system, including Parkinson's disease, Huntington's
chorea, amylotrophic lateral sclerosis and the like, as well as spinocerebellar degenerations; and
(iv) chronic immunological diseases of the nervous system or affecting the nervous system,
including multiple éclerosis. Many neurological disorders are associated with degeneration of
discrete populations of neuronal elements and may be treatable with a therapeutic regimen
which includes an oxysterol molecule as a hedgehog agonist. For example, Alzheimer's disease
is associated with deficits in several neurotransmitter systems, both those that project to the
neocortex and those that reside with the cortex. For instance, the nucleus basalis in patients with
Alzheimer's disease have been observed to have a profound (75%) loss of neurons compared to
age-matched controls. Although Alzheimer's disease is by far the most common form of
dementia, several other disorders can produce dem@ittia. Several of these are degenerative
diseases characterized by the death of neurons in various parts of the central nervous system,
especially the cerebral cortex. However, some forms of dementia are associated with
degeneration of the thalmus or the white matter underlying the cerebral cortex. Here, the
cognitive dysfunction results from the isolation of cortical areas by the degeneration of efferents
and afferents. Huntington's disease involves the degeneration of intrastraital and cortical
cholinergic neurons and GABAergic neurons. Pick's disease is a severe neuronal degeneration in
the neocortex of the frontal and anterior temporal lobes, sometimes accompanied by death of
neurons in the striatum. Treatment of patients suffering from such degenerative conditions can
include the application of hedgehog stimulators (such as particular oxysterols of the invention)
effects, in order to control, for example, differentiation and apoptotic events which give rise to
loss of neurons (e.g. to enhance survival of existing neurons) as well as promote differentiation
and repopulation by progenitor cells in the area affected. In some embodiments, the compound
is stereo.tactically provided within or proximate the area of degeneration. In addition to
degenerative-induced dementias, a pharmaceutical preparation of the invention can be applied
opportunely in the treatment of neurodegenerative disorders which have manifestations of
tremors and involuntary movements. Parkinson's disease, for example, primarily affects
subcortical structures and is characterized by degeneration of the nigrostriatal pathway, raphe
nuclei, locus ceruleus, and the motor nucleus of vagus. Ballism is typically associated with

damage to the subthalmic nucleus, often due to acute vascular accident. Also included are
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neurogenic and myopathic diseases which ultimately affect the somatic division of the peripheral
nervous system and are manifest as neuromuscular disorders. Examples include chronic
atrophies such as amyotrophic lateral sclerosis, Guillain-Barré syndrome and chronic peripheral
neuropathy, as well as other diseases which can be manifest as progressive bulbar palsies or
spinal muscular atrophies. The present method ‘is amenable to the treatment of disorders of the
cerebellum which result in hypotonia or ataxia, such as those lesions in the cerebellum which
produce disorders in the limbs ipsilateral to the lesion. For instance, a preparation of a hedgehog
stimulator (e.g. comprising an oxysterol' of the invention) can used to treat a restricted form of
cerebellar cortical degeneration involving the anterior lobes (vermis and leg areas) such as is
common in alcoholic patients.

In an illustrative embodiment, the subject method is used to treat amyotrophic lateral
sclerosis. ALS is a name given to a complex of disorders that comprise upper and lower motor
neurons. Patients may present with progressive spinal muscular atrophy, progressive bulbar
palsy, primary lateral sclerosis, or a combination of these conditions. The major pathological
abnormality is characterized by a selective and progressive degeneration of the lower motor
neurons in the spinal cord and the upper motor neurons in the cerebral cortex. The therapeutic
application of a hedgehog agonist (such as an oxysterol of the invention) can be used alone, or in
conjunction with other neurotrophic factors such as CNTF, BDNF or NGF to prevent and/or
reverse motor neuron degeneration in ALS patients.

Compounds of the present invention can also be used in the treatment of autonomic
disorders of the peripheral nervous system, which include disorders affecting the innervation of
smooth muscle and endocrine tissue (such as glandular tissue). For instance, the subject method
can be used to treat tachycardia or atrial cardiac arrythmias which may arise from a'degenerative
condition of the nerves innervating the striated muscle of the heart. |

Furthermore, the expression of hedgehog proteins in sensory and motor neurons of the
head and trunk (including limb buds) suggests a role for hedgehog proteins in the development
and maintenance of dendritic processes of axonal neurons. Potential roles for hedgehog proteins
consequently include guidance for axonal projections and the ability to promote differentiation
and/or maintenance of the innervating cells to their axonal processes. Accordingly, without
wishing to be bound by any particular mechanism, it is suggested that compositions comprising
agents of the invention may be employed to support, or alternatively antagonize the survival and

reprojection of several types of ganglionic neurons sympathetic and sensory neurons as well as
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motor neurons. In particular, such therapeutic compositions may be useful in tl;eatments
designed to rescue, for example, various neurons from lesion-induced death as well as guiding
reprojection of these neurons after such damage. Such diseases include, but are not limited to,
CNS trauma, infarction, infection (such as viral infection with varicella-zoster), metabolic
disease, nutritional deficiency, toxic agents (such as cisplatin treatment). Moreover, agents that
antagonize hedgehog agents may be useful in the selective ablation of sensory neurons, for
example, in the treatment of chronic pain syndromes.

As appropriate, agents of the invention can be used, alone or in the presence of a
hedgehog polypeptide, in nerve prostheses for the repair of central and peripheral nerve damage.
In particular, where a crushed or severed axon is intubulated by use of a prosthetic device,
agents of the invention can be added to the prosthetic device to increase, in the presence of a
hedgeho‘g polypeptide, the rate of growth and regeneration of the dendritic processes.
Accordingly, a severed axonal process can be directed toward the nerve ending from which it
was severed by a prosthesis nerve guide which contains, e.g., a semi-solid formulation
containing a hedgehog polypeptide and/or a compound of the invention, or which is derivatized
along the inner walls with a hedgehog polypeptide and/or a compound of the invention.

In another embodiment, the subject method can be used in the treatment of neoplastic or

hyperplastic transformations such as may occur in the central nervous system. For instance,

certain oxysterols which induce differentiation of neuronal cells can be utilized to cause such
transformed cells to become either post-mitotic or apoptotic. Treatment with an agent of the

invention may facilitate disruption of autocrine loops, such as TGF-8 or PDGF autostimulatory

loops, which are believed to be involved in the neoplastic transformation of several neuronal

tumors. Hedgehog agonists of the invention may, therefore, thus be of use in the treatment of]
for example, malignant gliomas, medulloblastomas, neuroectodermal tumors, and ependymonas.

Yet another aspect of the present invention concerns the application of the observation
that hedgehog proteins are morphogenic signals involved in other vertebrate organogenic
pathways in addition to neuronal differentiation as described above, having apparent roles in
other endodermal patterning, as well as both mesodermal and endodermal differentiation
processes. Hedgehog proteins have been reported to play a role in proper limb growth and
patterning by initiating expression of signaling molecules, including BMP-2 in the mesoderm
and FGF-4 in the ectoderm. Thus, without wishing to be bound by any particular mechanism, it

is contemplated that compositions comprising hedgehog-stimulatory molecules of the invention
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can also t;e utilized for both cell culture and therapeutic methods involving generation and
maintenance of non-neuronal tissue.

In one embodiment, the present invention makes use of the observation that hedgehog
proteins are apparently involved in controlling the development of stem cells responsible for
formation of the digestive tract, liver, lungs, and other organs which derive from the primitive
gut. Hedgehog proteins have been reported to serve as an inductive signal from the endoderm to
the mesoderm, which is critical to gut morphogenesis.‘ Therefore, for example, hedgehog
agonists (such as the compounds or compositions of the invention) can be employed in the
development and maintenance of an artificial liver which can have multiple metabolic functions
of a normal liver. In an illustrative embodiment, the compounds can be used to induce
differentiation of digestive tube stem cells to form hepatocyte cultures which can be used to
populate extracellular matrices, or which can be encapsulated in biocompatible polymers, to
form both implantable and extracorporeal artificial livers.

In another embodiment, therapeutic compositions of hedgehog agonists of the invention
can be utilized iﬁ conjunction with transplantatioh of such artificial Iivérs, as well as embryonic
liver structures, to promote intraperitoneal implantation, vascularization, and in vivo
differentiation and maintenance of the engrafted liver tissue.

In yet another embodiment, agents of the invention can be employed therapeutically to
regulate such organs after physical, chemical or pathological insult. For instance, therapeutic
compositions comprising hedgehog agonists can be utilized in liver repair subsequent to a partial
hepatectomy. Similarly, therapeutic compositions containing hedgehog agonists can be used to
promote regeneration of lung tissue in the treatment of emphysema.

In still another embodiment of the invention, compositions comprising hedgehog
agonists can be used in the in vitro generation of skeletal tissue, such as from skeletogenic stem
cells, as well as the in vivo treatment of skeletal tissue deficiencies. The present invention
particularly contemplates the use of hedgehog agonists which maintain a skeletogenic activity,
such as an ability to induce chondrogenesis and/or osteogenesis. By "skeletal tissue deficiency"
is meant a deficiency in bone or other skeletal connective tissue at any site where it is desired to
restore the bone or connective fissue, no matter how the deficiency originated, e.g. whether as a
result of surgical intervention, removal of tumor, ulceration, implant, fracture, or other traumatic

or degenerative conditions.
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For instance, the present invention makes available effective therapeutic methods and
compositions for restoring cartilage function to a connective tissue. Such methods are useful in,
for example, the repair of defects or lesions in cartilage tissue which is the result of degenerative
wear such as that which results in arthritis, as well as other mechanical derangements which may
be caused by trauma to the tissue, such as a displacement of torn meniscus tissue,
meniscectomy, a taxation of a joint by a torn ligament, malignment of joints, bone fracture, or
by hereditary disease. The present reparative method is also useful for remodeling cartilage
matrix, .such as in pla.stic;_ or reconstruq’giyq surgery, as well as periodontal surgery. The present
method may also be applied to improving a previous reparative procedure, for ‘example,
following surgical repair of a meniscus, ligament, or cartilage. Furthermore, it may prevent the
onset or exacerbation of degenerative disease if applied early enough after trauma.

In one embodiment of the invention, the subject method comprises treating the afflicted
connective tissue with a therabeutically sufficient amount of a hedgehog agonist to generate a
cartilage repair response in the connective tissue by stimulating the differentiation and/or
proliferation of chondrocytes embedded in the tissue. Induction of chondrocytes by treatment
with a hedgehog agonist can subsequently result in the synthesis of new cartilage matrix by the
treated cells. Such connective tissues as articular cartilage, interarticular cartilage (menisci),
costal cartilage (connecting the true ribs and the sternum), ligaments, and tendons are
particularly amenable to treatment in reconstructive and/or regenerative therapies using the
subject method. As used herein, regenerative therapies include treatment of degenerative states
which have progressed to the point of which impairment of the tissue is obviously manifest, as
well as preventive treatments of tissue where degeneration is in its earliest stages or imminent.
The subject method can further be used to prevent the spread of mineralisation into fibrotic
tissue by maintaining a constant production of new cartilage.

In an illustrative embodiment, the subject method can be used to treat cartilage of a
diarthroidal joint, such as a knee, an ankle, an elbow, a hip, a wrist, a knuckle of either a finger
or toe, or a temperomandibular joint. The treatment can be directed to the meniscus of the joint,
to the articular cartilage of the joint, or both. To further illustrate, the subject method can be used
to treat a degenerative disorder of a knee, such as which might be the result of traumatic injury
(e.g., a sports injury or excessive wear) or osteoarthritis. An injection of a hedgehog agonist into
the joint with, for instance, an arthroscopic needle, can be used to treat the afflicted cartilage. In

some instances, the injected agent can be in the form of a hydrogel or other slow release vehicle
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described above in order to permit a more extended and regular contact of the agent with the
treated tissue.

The present invention further contemplates the use of the subject method in the field of
cartilage transplantation and prosthetic device therapies. To date, the growth of new cartilage
from either transplantation of autologous or allogenic cartilage has been largely unsuccessful.
Problems arise, for instance, because the characteristics of cartilage and fibrocartilage varies
between different tissue: such as between articular, meniscal cartilage, ligaments, and tendons,
between the two ends of the same ligament or tendon, and between the superficial and deep parts
of the tissue. The zonal arrangement of these tissues may reflect a gradual change in mechanical
properties, and failure occurs when implanted tissue, which has not differentiated under those
conditions, lacks the ability to appropriately respond. For instance, when meniscal cartilage is
used to repair anterior cruciate ligaments, the tissue undergoes a metaplasia to pure fibrous .
tissue. By promoting chondrogenesis, the subject method can be used to particularly addresses
this problem, by causing the implanted cells to become more adaptive to the new environment
and effectively resemble hypertrophic chondrocytes of an earlier developmental stage of the
tissue. Thus, the action of chondrogensis in the implanted tissue, as provided by the subject
method, and the mechanical forces on the actively remodeling tissue can synergize to produce an
improved implant more suitable for the new function to which it is to be put.

In similar fashion, the subject method can be applied to enhancing both the generation of
prosthetic cartilage devices and to their implantation. The need for improved treatment has
motivated research aimed at creating new cartilage that is based on collagen-glycosaminoglycan
templates, isolated chondrocytes, and chondrocytes attached to natural or synthetic polymers.
For example, chondrocytes can be grown in culture on biodegradable, biocompatible highly
porous scaffolds formed from polymers such as polyglycolic acid, polylactic acid, agarose gel,
or other polymers which degrade over time as func'tion of hydrolysis of the polymer backbone
into innocuous monomers. The matrices are designed to allow adequate nutrient and gas
exchange to the cells until engraftment occurs. The cells can be cultured in vitre until adequate
cell volume and density has developed for the cells to be implanted. One advantage of the
matrices is that they can be cast or molded into a desired shape on an individual basis, so that the
final product closely resembles the patient's own ear or nose (by way of example), or flexible
matrices can be used which allow for manipulation at the time of implantation, as in a joint.

In one embodiment of the subject method, the implants are contacted with a hedgehog
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agonist during the culturing process, in order to induce and/or maintain differentiated
chondrocytes in the culture in order as to further stimulate cartilage matrix production within the
implant. In such a manner, the cultured cells can be caused to maintain a phenotype typical of a
chondrogenic cell (i.e. hypertrophic), and hence continue the population of the matrix and
production of cartilage tissue.

In another embodiment, the implanted device is treated with a hedgehog agonist in order
to actively remodel the implanted matrix and to make it more suitable for its intended function.
As set out above with respect to tissue transplants, the artificial transplants suffer from the same
deficiency of not being derived in a setting which is comparable to the actual mechanical
environment in which the matrix is implanted. The activation of the chondrocytes in the matrix
by the subject method can allow the implant to acquire characteristics similar to the tissue for
which it is intended to replace.

In yet another embodiment, the subject method is used to enhance attachment of
prosthetic devices. To illustrate, the subject method can be used in the implantation of a
periodontal prosthesis, wherein the treatment of the surrounding connective tissue stimulates
formation of periodontal ligament about the prosthesis, as well as inhibits formation of fibrotic
tissue proximate the prosthetic device.

In still further embodiments, the subject method can be employed for the generation of
bone (osteogenesis) at a site in the animal where such skeletal tissue is deficient. Indian
hedgehog is particularly associated with the hypertrophic chondrocytes that are ultimately
replaced by osteoblasts. For instance, administration of a hedgehog agent of the present
invention can be employed as part of a method for treating bone loss in a subject, e.g. to prevent
and/or reverse osteoporosis and other osteopenic disorders, as well as to regulate bone growth
and maturation. Periodontal implants are also contemplated. For example, preparations
comprising hedgehog agonists can be employed, for example, to induce endochondral
ossification, at least so far as to facilitate the formation of cartilaginous tissue precursors to form
the "model" for ossification. Therapeutic compositions of hedgehog agonists can be
supplemented, if required, with other osteoinducti.ve factors, such as bone growth factors (e.g.
TGF-B factors, such as the bone morphogenetic factors BMP-2, BMP-4, BMP-7 or BMP 14 as
well as activin), and may also include, or be administered in combination with, an inhibitor of
bone resorption such as estrogen, bisphosphonate, sodium fluoride, calcitonin, or tamoxifen, or

related compounds. However, it will be appreciated that hedgehog proteins are likely to be
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upstream of BMPs, so that treatment with a hedgehog polypeptide and/or a hedgehog agonist
will have the advantage of initiating endogenous expression of BMPs along with other factors.

In yet another embodiment of the present invention, molecules of the invention that act
as hedgehog antagonists can be used to inhibit spermatogenesis. Thus, in light of the observation
that hedgehog proteins are involved in the differentiation and/or proliferation and maintenance
of testicular germ cells, hedgehog antagonist can be utilized to block the action of a naturally-
occurring hedgehog protein. In a preferred embodiment, the hedgehog antagonist inhibits the
biological activity of a hedgehog protein with respect to spermatogenesis, by competitively
binding hedgehog receptors in the testis. In similar fashion, hedgehog agonists and antagonists
are potentially useful for r‘nodulating normial ovarian function. ..

The oxysterols discussed herein can be formulated into various compositions, e.g.,
pharmaceutical compositions, for use in therapeutic treatment methods. The pharmaceutical
compositions can be assembled as a kit. Generally, a pharmaceutical composition of the
invention comprises an effective amount of an oxysterol or combination of the invention. An
"effective amount," as used herein, is an amount that is sufficient to effect at least a detectable
therapeutic response in the individual over a reasonable time frame. For example, it can
ameliorate, at least to a detectable degree, the symptoms of a hedgehog-mediated condition, etc.

The composition can comprise a carrier, such as a pharmaceutically acceptable carrier.
By "pharmaceutically acceptable” is meant a material that is not biologically or otherwise
undesirable, i.e., the material may be administered to a subject without causing any undesirable
biological effects or interacting in a deleterious manner with any of the other components of the
pharmaceutical composition in which it is contained. The carrier would naturally be selected to
minimize any degradation of the active ingredient and to minimize any adverse side effgcts in
the subject, as would be well known to one of skill in the “art. For a discussion of
pharmaceutically acceptable carriers and other components of pharmaceutical compositions, see,
e.g., Remington's Pharmaceutical Sciences, 18th ed., Mack Publishing Company, 1990. .

A pharmaceutical composition or kit of the invention can contain other pharmaceuticals,
as noted elsewhere herein, in addition to the oxysterols of the invention. The other agent(s) can
be administered at any suitable time during the treatment of the patient, either concurrently or

sequentially.
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One skilled in the art will appreciate that the particular formulation will depend, in part,
upon the particular agent that is employed, and the chosen route of administration. Accordingly,
there is a wide variety of suitable formulations of compositions of the present invention.

Formulations suitable for oral administration can consist of liquid solutions, such as an
effective amount of the agent dissolved in diluents, such as water, saline, or fruit juice; cépsules,
sachets or tablets, each containing a predetermined amount of the active ingredient, as solid,
granules or freeze-dried cells; solutions or suspensions in an aqueous liquid; and oil-in-water
emulsions or water-in-oil emulsions. Tablet forms can include one or more of lactose, mannitol,
corn starch, potato starch, microcrystalline cellulose, acacia, gelatin, colloidal silicon dioxide,
croscarmellose sodium, talc, magnesium stearate, stearic acid, and other excipients, colorants,
diluents, buffering agents, moistening agents, preservatives, flavoring agents, and
pharmacologically compatible carriers. Suitable formulations for oral delivery can also be
incorporated into synthetic and natural polymeric microspheres, or other means to protect the
agents of the present invention from degradation within the gastrointestinal tract.

Formulations suitable for parenteral administration (e.g. intravenous) include aqueous
and non- aqueous, isotonic sterile injection solutions, which can contain anti-oxidants, buffers,
bacteriostats, and solutes that render the formulation isotonic with the blood of the intended
recipient, and aqueous and non-aqueous sterile suspensions that can include suspending agents,
solubilizers, thickening agents, stabilizers, and preservatives. The formulations can be presented
in unit-dose or multi-dose sealed containers, such as ampules and vials, and can be stored in a
freeze-dried (lyophilized) condition requiring only the addition of the sterile liquid carfier, for
exam'ple, water, for injections, immediately prior to use. Extemporaneous injection solutions and
suspensions can be prepared from sterile powders, granules, and tablets of the kind previously
described.

The oxysterols of.the invention, alone or in combination with other therapeutic agents,
can be made into aerosol formulations to be administered via inhalation. These aerosol
formulations can be placed into pressurized acceptable propellants, such as
dichlorodifluoromethane, propane, nitrogen and the like.

The oxysterols of the invention, alone or in combinations with other therapeutic agents,
can be made into suitable formulations for transdermal application and absorption (Wallace ez
al., 1993, supra). Transdermal electroporation or iontophoresis also can be used to promote

and/or control the systemic delivery of the agents and/or pharmaceutical compositions of the
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present invention through the skin (e.g., see Theiss et al. (1991), Meth. Find. Exp. Clin.
Pharmacol. 13, 353-359).

Formulations which are suitable for topical administration include lozenges comprising
the active ingredient in a flavor, usually sucrose and acacia or tragacanth; pastilles comprising
the active ingredient in an inert base, such as gelatin and glycerin, or sucrose and acacia;
mouthwashes comprising the active ingredient in a suitable liquid carrier; or creams, emulsions,
suspensions, solutions, gels, creams, pastes, foams, lubricants, sprays, suppositories, or the like.

One skilled in the art will appreciate that a suitable or appropriate formulation can be
selected, adapted or developed based upon the particular application at hand.

Dosages for an oxysterols of the invention can be in unit dosage form, such as a tablet or
capsule. The term "unit dosage form" as used herein refers to physically discrete units suitable as
unitary dosages for animal (e.g. human) subjects, each unit containing a predetermined quantity
of an agent of the invention, alone or in combination with other therapeutic agents, calculated in
an amount sufficient to produce the desired effect in association with a pharmaceutically
acceptable diluent, carrier, or vehicle.

One skilled in the art can easily determine the appropriate dose, schedule, and method of
administration for the exact formulatiqn of the composition being used, in order to achieve the
desired effective amount or effective concentration of the agent in the individual patient. One
skilled in the art also can readily determine and use an appropriate indicator of the "effective
concentration” of the compounds of the present invention by a direct or indirect analysis of
appropriate patient samples (e.g., blood and/or tissues).

The dose of an oxysterol of the invention, or composition thereof, administered to an
animal, particularly a human, in the context of the present invention should be sufﬁcieﬁt to
effect at least a therapeutic response in the individual over a reasonable time frame. The exact
amount of the dose will vary from subject to subject, depending on the species, age, weight and
general condition of the subject, the severity or mechanism of any disorder being treated, the
particular agent or vehicle used, its mode of administration and the like. The dose used to
achieve a desired concentration in vivo will be determined by the potency of the particular
oxysterol employed, the pharmacodynamics associated with the agent in the host; the severity of
the disease state of infected individuals, as well as, in the case of systemic administration, the
body weight and age of the individual. The size of the dose also will be determined by the

existence of any adveise side effects that may aécompahy the particular agent, or composition
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thereof, employed. It is generally desirable, whenever possible, to keep adverse side effects to a
minimum.

For example, a dose can be administered in the range of from about 5 ng (nanograms) to
about 1000 mg (milligrams), or from about 100 ng to about 600 mg, or from about 1 mg to about
500 mg, or from about 20 mg to about 400 mg. For example, the dose can be selected to achieve
a dose to body weight ratio of from about 0.0001 mg/kg to about 1500 mg/kg, or from about
1 mg/kg to about 1000 mg/kg, or from about 5 mg/kg to about 150 mg/kg, or from about
20 mg/kg to about 100 mg/kg. For example, a dosage unit can be in the range of from about 1
ng to about 5000 mg, or from about 5 ng to about 1000 mg, or from about or from about 100 ng
to about 600 mg, or from about 1 mg to about 500 mg, or from about 20 mg to about 400 mg, or
from about 40 mg to about 200 mg of a compound of according to the present invention. A dose
can be administered once per day, twice per day, four times per day, or more than four times per
day as required to elicit a deéired therapeutic effect. For example, a dosg administration regimen
can be selected to achieve a blood serum concentration of a compound of the present invention
in the range of from about 0.01 to about 1000 nM, or from about 0.1 to about 750 nM, or from
about 1 to about 500 nM, or from about 20 to about 500 nM, or from about 100 to about 500
nM, or from about 200 to about 400 nM. For example, a dose administration regime can be
selected to achieve an average blood serum concentration with a half maximum dose of a
compound of the present invention in the range of from about 1 ug/L (microgram per liter) to
about 2000 pg/L, or from about 2 nug/L to about 1000 pg/L, or from about 5 ug/L to about 500
ug/L, or from about 10 pg/L to about 400 pg/L, or from about 20 ug/L to about 200 pg/L, or
from about 40 ug/L to about 100 pg/L.

A therapeutically effective dose of an oxysterol or other agent useful in this invention is
one which has a positive clinical effect on a patient as-measured by the ability of the agent to
improve bone homeostasis, bone formation or bone repair, as described above, etc. The
therapeutically effective dose of each agent can be modulated to achieve the desired ¢linical
effect, while minimizing negative side effecté. The dosage of the agent may be selected for an
individual patient depending upon the route of administration, severity of the disease, age and
weight of the patient, other medications the patient is taking and other factors normally
considered by an attending physician, when determining an individug! regimen and dose level

appropriate for a particular patient.
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By way of example, the invention may include elevating endogenous, circulating
oxysterol levels over the patient's basal level. In a normal adult levels are about 10-400 ng/ml
depending on age and type of oxysterol, as measured by mass spectrometry. Those skilled in the
art of pharmacology would be able to select a dose and monitor the same to determine if an
increase circulating levels over basal levels has occurred.

When given in combined therapy, the other agent can be given at the same time as the
oxysterol, or the dosing can be staggered as desired. The two (or more) drugs also can be
combined in a composition. Doses of each can be less when used in combination than when
either is used alone.

The. invention may include treatment with an additional agent which acts independently
or synergistically with at'least a first oxysterol to maintain bone homeostasis, enhance bone
formation, enhance bone repair, etc. Additional agents may be agents which, e.g., stimulate the
mechanistic pathway by which oxysterols enhance osteoblastic differentiation. Ambng such
suitable agents are bone morphogenic proteins (e.g., BMP 2, 4, 7, and/or 14), which have been
shown by the inventors to act synergistically with oxysterols.

Therefore, the invention may include the use of a combination of at least one oxysterol
of the invention and at least one BMP to induce osteoblastic differentiation or bone formation.
This combination of agents to maintain bone homeostasis, enhance bone formation and/or
enhance bone repair may be desirable at least in that the dosage of each agent may be reduced as
a result of the syncrgisti;: effects. In one example, BMP2 may be used for localized use in
fracture healing studies. The dosages used vary depending on mode of delivery. For example,
beads coated with 10-100 micrograms of BMP2 have been used in mouse bone fracture studies.
In studies with monkeys, BMP7 has been used in dosages ranging from 500-2000 micrograms.
In studies with dogs, BMP2 has been used between 200-2000 micrograms. In studies where
BMP2 was delivered in a sponge implanted in the fracture site, the dosage used was 1.5mg/ml.
In a spinal fusion trial where fusion was achieved, a large dose of 10 mg of BMP2 was used. In
a human study of tibial non-union fractures in humans, BMP7 was used at several mg dosages.

Additional classes of agents which may be useful in this invention alone or in
combination with oxysterols include, but are not limited to cytochrome P450 inhibitors, such as
SKF525A. Other classes of agents useful in the invention include phospholipase activators, or

arachadonic acid. Other classes of agents useful in the invention include COX enzyme
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activators, or prostaglandins or osteogenic prostanoids. Other classes of agents useful in the
invention include ERK activators.

The invention may include combination treatments with oxysterols and other
therapeutics which affect bone formation, repair or homeostasis. For example, oxysterols in
combination with bisphosphonates, hormone therapy treatments, such as estrogen receptor
modulators, ‘calcitonin, and vitamin DI calcium supplementation, PTH (such as Forteo- or
teriparatide, Eli Lilly), sodium fluoride and growth factors that have a posit‘ive effect on bone,
such as insulin-like growth factors I and II and transforming growth factor beta. Those skilled in
the art would be able to determine the accepted dosages for each of the therapies using standard
therapeutic dosage parameters.

The invention may include a method of systemic delivery or localized treatment with
differentiated osteoblastic cells for maintaining bone homeostasis, enhancing bone formation
andlor enhancing bone repair. This treatment may be administered alone or in combination with
administration of other agent(s) to the patient, as described above. In one embodiment of this
method, mammalian mesenchymal stem cells may be harvested, from the patient or a cell donor.
The cells may then be treated with at least one agent to induce osteoblastic differentiation of the
cells. The cells may then be readministered to the patient, either systemically or at a selected site
at which bone homeostasis, bone formation or bone repair is desired. Additionally, the patient
may by treated locally or systemically with at least one second agent which effects bone
homeéostasis, bone formation or bone repair. ' b

In this aspect of the invention, marrow stx:oma] cells (MSC) may be treated with an
agent(s) fo stimulate osteoblastic differentiation, as measured by any one'of the' increase in
alkaline phosphatase activity, calcium incorporation, mineralization or osteocalcin mRNA
expression, or other indicators of osteoblastic differentiation. In one embodiment of the
invention MSC cells are harvested from a patient, treated with at least one oxysterol of the
invention, and osteoblastic cells are administered to the patient.

The invention may include administering osteoblastically differentiated MSC
systemically to the patient. '

The invention may include placing osteoblastically differentiated MSC at selected
locations in the body of a patient. In one embodiment of the invention, cells may be injected at a

location at which bone homeostasis,formation and/or repair is desired.
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In one application of the invention, the agents and methods may be applied to, but are
not limited ;:o the treatment or t(; slow the progression of bone related disorders, such as
osteoporosis.

In applications of the invention, the agents and methods may be applied to, but are not
limited to application of cells or agents to a surgical or fracture site, in periodontitis, periodontal
regeneration, alveolar ridge augmentation for tooth implant reconstruction, treatment of non-
union fractures, sites of knee/hip/joint repair or replacement surgery.

In one embodiment, the invention may include implants for use in the human body,
comprising a substrate having a surface, wherein at least the surface of the implant includes at
least one oxysterol of the invention in an amount sufficient to induce bone formation in the
surrounding bone tissue, or the implant may include mammalian cells capable of osteoblastic
differentiation, or osteoblastic mammalian cells, or a combination thereof for inducing bone
formation or enhancing bone repair. For example, implants may include, but are not limited to
pins, screws, plates or prosthetic joints which may be placed in the proximity of or in contact
with a bone that are used to immobilize a fracture, enhance bone formation, or stabilize a
prosthetic implant by stimulating formation or repair of a site of bone removal, fracture or other
bone injury. The invention may also include the application of at least one agent or differentiated
cells in.the'proximity of or in contact with a bone at a site of bone removai, fracture or other

bone injury where bone formation or bone repair is desired.

Another embodiment of the invention is a kit useful for any of the methods disclosed
herein, either in vitro or in vivo. Such a kit can comprise one or more of the oxysterols or
pharmaceutical compositions discussed herein. Optionally, the kits comprise instructions for
performing the method. Optional elements of a kit of the invention include suitable buffers,
pharmaceutically acceptable carriers, or the like, containers, or packaging materials. The
reagents of the kit may be in containers in which the reagents are stable, e.g., in lyophilized form
or stabilized liquids. The reagents may also be in single use form, e.g., in single dosage form. A
skilled worker will recognize components of kits suitable for carrying out any of the methods of

the invention.

29



10

15

20

25

30

WO 2007/098281 PCT/US2007/005073

In the foregoing and in the following examples, all temperatures are set forth in
uncorrected degrees Celsius; and, unless otherwise indicated, all parts and percentages are by

weight.

EXAMPLES

Example I - Materials and methods

Many of the assays described below are conventional. Guidance for the performance of
the assays can be found, e.g., in the commonly owned and published PCT international
applications W02004/019884, W02005/020928, W02005/020928; and WO02006/12902. See
also Dwyer et al. (Jan. 2, 2007), J. Biol. Chem, Epub ahead of print; Parhami ef al. (2002) J.
Bone Miner. Res. 17, 1997-2003; Kha et al. (2004) J Bone Miner Res. 19, 830-840; Shouhed ez
al. (2005) J Cell Biochem 95, 1276-1283; Richardson er al. (2006) (J Cell Biochem, in press);
and Aghaloo et al. (2006) J Orthop Res, in press).

Example II - Osteogenic and anti-adipogenic activites of the synthetic oxysterols in vitro

To test for osteogenic activity, synthetic oxysterols (e.g. analogues of 20S) are tested for
their ability to act as inducers of osteoblastic differentiation in the absence of the stimulatory
oxysterols, 22S8/22R, and in comparison to when 20S is given in combination with these
stimulatory oxysterols. We have previously reported that 20S acts to induce certain processes,
such as bone morphogenesis, and that 22S and 22R can stimulate the activity of 20S (i.e., 228
and 22R are stimulatory oxysterols). Synthetic oxysterols that are derivatives of 208 (e.g., Oxy
13) mimic 20S and act as inducers, whereas synthetic derivatives of 228 (e.g., Oxy 3) act as
stimulatory oxysterols.

The cells used are the pluripotent M2 cells (M2-10B4) that we previously characterized
for their ability to become osteoblastiic and adipocyte cells. (See, e.g., Kha et al. (2004) J Bone
Miner Res 19, 830-840). These cells are derived from bone marrow, are easy to maintain and
1ast fot marny passages 7 vitro. The findings in"M2 cells are confirmed in primary bone marrow
stromal cells, which are isolated from C57BLK/6 mice and cultured by methods described in
Kha et al. (2004), supra. Among the markers of osteogenic differentiation that were assayed
were alkaline phosphatase activity, osteocalcin mRNA expression and mineral formation in

cultures of marrow stromal cells.
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We tested the effect of the synthetic .oxysterols, oxy-1 through oxy-15, on alkaline
phosphatase activity in M2-10B4 marrow stromal cells. Cells were treated with the oxysterols
for 4 days after which they were collected and analyzed by colorimetric assay for alkaline
phosphatase activity. Results from a representative experiment are shown as the fold induction.
in alkaline phosphatase activity compared to control untreated cells. Only the oxysterols that

resulted in a measurable induction ‘are shown.

Oxysterol Fold Induction over Control Untreated Cells
Oxy7 (5 pM) 9
Oxy7 (10 uM) 23
Oxy9 (5 pM) 2
Oxy9 (10 pM) : 4
Oxy!l (2.5 pM) 6
Oxyl2 (5 uM) - 22
Oxy12 (10 pM) 80
Oxy13 (2.5 uM) 200
Oxy13 (5 uM). - 334
Oxyl4 (2.5 uM) 42
Oxy14 (5 uM) 100
Oxyl15 (5 pM) 55
Oxyl15 (10 pM) 80

We tested the effect of oxysterols on mineralization in M2-10B4 marrow stromal cells.
Cells were treated with the oxysterols for 14 days after which the amount of mineral formed in
the cultures was quantified using a radioactive *’Ca incorporation assay. Results from a
representative experiment are shown as the fold induction in cpm/mg prtotein compared to
control untreated cells. Only the oxysterols that resulted in a measurable calcium incorporation

are shown.

Oxysterol 43Ca Incorporation (fold induction over control untreated cells)
208 (7.5 uM)

Oxy3 (5 pM)+ 208 (7.5 uM)
Oxy4 (5 uM)+ 20S (7.5 uM)
Oxy7 (5 uM)+ 208 (7.5 uM)
Oxyl12 (5 pM)

Oxyl2 (10 uM)

Oxy12 (15 uM)

Oxyl13 (5 uM)

Oxy13 (10 uM)

Oxyl3 (15 uM)

W udhArNWVIINH
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Oxy14 (10 uM) 4

Other conventional in virro assays that serve as markers for osteoblastic differentiation
are also tested with the oxy compounds of the invention. These assays include, e.g., detection of
an increase (compared to a baseline value or control) in calcium incorporation or the expression

of osteocalcin mRINA.

We tested the effects of different synthetic oxysterols (oxy 1-16) on adipogenic
differentiation. The results are ,shown in Figure 1. M2-10B4 bone marrow stromal cells were
treated with control vehicle or the PPARgamma activator, troglitazone (Tro, 10 uM), in the
presence or absence of various oxysterols (5 uM) as indicated. After 10 days of treatment, cells
were stained with oil-red-O to detect adipocytes, and the number of positively stained cells was
determined using light microscopy. Data from a representative experiment are reported as the
mean of triplicate determination (average of five fields per well, 3 wells per experimental
condition) & SD.

Example III - Mechanisms of action of oxysterols for stimulating osteoblastic
differentiation . "

We previously demonstrated that certain osteogenic oxysterols induce Runx2 DNA
binding activity; tﬁat they can act synergistically with BMPs, iﬁcluding BMP2, BMP 7 and BMP
14/GDF-5; and that they inhibit the adverse effects of oxidative stress on osteogenic
differentiation of MSC. See, e.g., W02004/019884, W02005/020928, W02005/020928; and
W02006/12902 for guidance as to how to carry out these and other assays.

The novel oxysterols of the invention are tested by the same methods. Those oxysterols
that have been shown to be osteogenic \ are expected to function via the same mechanisms as the

previously tested oxysterols.

Example IV - In vivo osteogenic effects of oxysterols
We previously demonstrated that certain naturally occurring osteogenic oxysterols
enhance bone healing when implanted into rat calvarial critical-sized defects. See, e.g., the

commonly owned and published PCT international applications W02004/019884,
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W02005/020928, W02005/020928; and W02006/12902 for guidance as to how to carry out
these and other assays.

Synthetic oxysterols of the inventions are tested in the rat calvarial bone formation
model, as well as in two additional in vivo models. The synthetic oxysterols are tested
individually, or in combinations, in the absence of the stimulatory oxysterols 22S/22R, and in
comparison to when 208 is administered in combination with these stimulatory oxysterols. The
first of the additional models is the widely used and FDA-approved ovariectomy model in which
the ovaries in a female mouse are removed, resulting in rapid loss of bone. The inhibition of the
bone loss is evaluated following the systemic administration of test oxysterols (putative anabolic
oxysterols); the assessment is performed by microCT analysis and histological studies. The
second model is the widely used long bone critical defect model, in which a defect is surgically
created in the femur or tibia of a rat, followed by implantation of test oxysterols (putative
osteoinductive agents) and the radiographic and histological assessment of the rate and quality
of bone formation in the healing bond in tested vs. treated animals. It is expected that those
synthetic oxysterols that elicit osteogenic effects in vitro will also stimulate bone healing in
these in vivo models.

M2 cells or primary bone marrow stromal cells are treated with the individual 20S
analogues at doses of 0.5-15 uM based on our experience with the parent compound, 20S. We
take a systematic approach in testing osteoblastic differentiation of MSC in response to
oxysterol analogues by examining the expression of a spectrum of early and late markers of
osteoblastic differentiation. Parallel cultures are set up and tested for early markers of osteogenic
differentiation: alkaline phosphatase activity, Runx2 DNA binding activity, and collagen I
mRNA expression, and late markers of osteogenic differentiation: bone sialoprotein and
osteocalcin mRNA expression by quantitative RT-PCR. Induction of mineralization is also
tested using a **Ca incorporation assay and von Kossa staining, as described in Kha et al. (2004)
(supra). Early markers are tested after 3 days of treatment with the oxysterols, late markers after
8 days, and mineralization after 14 days of treatment with the test oxysterols. These time points
are based on our experience with the regulation of markers of osteogenic differentiation by

osteoinductive agents in M2 cells.

Effects of oxy13 in the rat femur periosteum model
The preceding demonstrations that naturally occurring oxysterols exhibit in vivo

osteogenic effects, and that the certain synthetic oxysterols of the invention exhibit properties in
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vitro that are markers for in vivo bone growth, were confirmed using a rat femur periosteum
model, which is described in Yoshia et al., PNAS, 99:4580 (2002).
Male SD rats were treated for two weeks with Oxy13 (or a control vehicle). The Oxy13
was delivered by an Alzet pump to the perioseum, in three doses or by daily injections. The
5 treatment regimens were: two weeks treatment, n=6 per group, vehicle and three Oxy 13 doses
continuous and two doses daily injectic_m; and four weeks treatment, vehicle and two Oxy 13
doses, n=6/group. The bone in-growth endpoints that were evaluated were microradiography,
histomorphometry and blinded, randomized visual scoring.
Other endpoints are evaluated, including plasma samples at time of sacrifice for
10 biomarkers and immunohistochemistry. Other oxysterols of the invention are also tested.

Table 1 shows the scoring criteria in the Rat Periosteal Femur Model

Table 1
Characteristic Grading Score
Marked amount and contiguous on eriosteum 4
Moderate amount and contiguous on eriosteum 3
Amount of
periosteal bone | Small amount and contiguous on periosteum 2
formation -
Small amount and small segments on periosteum 1
None 0
Maximum 4
15 Table 2 shows the bone formation scoring from the experiment with the 2 weeks of
pump administration: o
Table 2
Animal ID | Score | Average | St.dev| Treatment Group Treatment Description
5854 4
5844 4
5886 3 3.00 | 126 1
’ . 2wk 1.67 10XY13
5836 2 | Pump 2wk 1.67mg/m
5858 2 P<0.05*
5888 1
5863 3 3.00 0.00 2 . Pump 2wk 0.167mg/ml
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5877
5873
5874
5870
5887
5869
5835
5878
5867
5885

1.67 0.82 3 Pump 2wk Vehicle

Nl === lWw{NDIW|W|[W|W

* Non parametric analysis - Kruskal Wallis with Dunn’s post test

Figure 7 shows graphically the bone formation scoring for rats treated with Oxy13 for
5  two weeks (pump administration) in a rat periosteal femur model.
Table 3 shows the bone formation scoring (radiograph scoring) from the experiment with
the 4 weeks of pump administration:
Table 3

Animal ID | Score | Average | Stdev | Treatment Group Treatment Description
.5884. .
5843
5860
5883
5853
5861
5847
5848
5841
5856
5842
5840
5871
5832
5872
5851 .
5889
5862

§)

4wk OXY13
Pump 1.67mg/ml

1.50 1.05 4

2.00 1.10 5 Pump 4wk 0.167mg/ml
OXY13

P<0.05*

0.67 0.52 6 Pump 4wk Vehicle

— i | | OO N | WIN|WIN|[O|N|—=]|O]—=IW
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* Non parametric analysis - Kruskal Wallis with Dunn’s bost test

Figure 8 shows graphically the bone formation scoring for rats treated with Oxy13 for

four weeks (pump administration) in a rat periosteal femur model.

Example V - In vivo anti-adipogenic effects of oxysterols

We previously reported that both the inducer oxysterol, 20S, and the stimulatory
oxysterols 228 and 22R, inhibit the adipogenic differentiation of M2 cells. Without wishing to
be bound by any specific mechanism, this appears to suggest that the mechanism by which these

oxysterols inhibit adipogenic differentiation might be distinct from that ‘which induces

.osteogenic differentiation, and that therefore even some of the analogues that may be inactive in

‘our osteoinductive tests may still inhibit adipogenesis. M2 cells are treated with PPARYy agonist,

troglitazone (Tro) at 10uM which induces adipogenesis in a variety of pluripotent cells including
the M2 marrow stromal cells. The synthetic analogues are tested by treating M2 cells with Tro in
the absence or presence of the individual oxysterols. After 8 days of treatment, at which time
fully formed adipocytes are produced in M2 cultures treated with Tro, oil red O staining is
performed to detect adipocytes that stain red due to the accumulation of neutral lipids.
Adipocyte numbers are quantified by counting fields under a phase contrast microscope by
conventional procedures. Those oxysterols that exhibit anti-adipogenic effects in vitro are also

expected to inhibit adipogenesis in vivo.

Example VI - Effect of oxysterols on hair growth in mice

The study showed that one topical application of a combination of 20(S)-
hydroxycholesterol + 22(S)- hydroxycholesterol at 50 pg,100 pg and 150 pg of each oxysterol
(1:1) delivered in a vitamin E solution enhanced hair growth on a 2cm x 2cm shaved area on the
back of C57BL/6 mice during an 18 day observation period.

Synthetic oxysterols of the invention are tested in the same model. Oxysterols that
stimulate the hedgehog pathiway or a marker thereof-are’also" expected to"stimulate hair growth

in this model.

Example VII - Role of the hedgehog pathway in mediating the osteoinductive effects of the
oxysterols 20S+228

36



10

15

20

25

30

WO 2007/098281 PCT/US2007/005073

Pluripotent mesenchymal cells form a population of precursors to a variety of cell types
including osteoblasts and adipocytes. Aging tilts the balance in favor of adipocyte differentiation
at the expense of osteoblast differentiation, resulting in reduced bone formation and osteopenic

disorders, including osteoporosis, in humans and animals. In this Example, we report that

‘specific, naturally-occurring oxysterols, previously shown to direct pluripotent mesenchymal

cells toward an osteoblast lineage, exert their osteoinductive effects through activation of
Hngehog, signaling pathway. This was demonstrated py 1) oxysterol-induced expression of the
Hh térget gehés Gli-1 and Patched, 2) oxysterol-induced acti\'l'ation df a lﬁciferase reporter
driven by a multimerized Gli-responsive element, 3) inhibition of oxysterol effects by the
hedgehog pathway inhibitor, cyclopamine, and 4) unresponsiveness of Smoothened-/- mouse
embryonic fibroblasts to oxysterols. Using Patched-/- cells that possess high baseline Gli
activity, we found that oxysterols did not dramatically shift the IC50 concentration of
cyclopamine needed to inhibit Gli activity in these cells. Furthermore, binding studies showed
that oxysterols did not compete with fluorescently labeled cyclopamine, BODIPY -cyclopamine,
for direct binding to Smoothened. These findings demonstrate that oxysterols stimulate
hedgehog pathway activity by indirectly activating the seven-transmembrane pathway
component Smoothened. Osteoinductive oxysterols are therefore novel activators of the

hedgehog pathway in pluripotent mesenchymal cells.

Materials and Methods

Cell Culture and Reagents - M2-10B4 cells, C3H10T1/2 cells, Smo-/- mouse- embryonic
fibroblasts (MEFs) and Ptch-/- MEFs were maintained by conventional procedures. Treatments
were perfonﬁed in differentiation medium containing 5% fetal bovine serum, 50 pg/ml ascorbate
and 3 mM B-glycerophosphate. Oxysterols and Phorbol 12-Myristate 13-Acetate (PMA) were
obtained from Sigma-Aldrich, Co. (St. Louis, MO), cyclopamine and KAAD-cyclopamine were
from EMD Biosciences, Inc. (La Jolla, CA), recombinant mouse Shh amino terminal peptide and
Shh neutralizing antibody were from R&D Systems, Inc. (Minneapolis, MN), rottlerin and H-89
were from Calbiochem (La Jolla, CA), and all antibodies for Western blotting were from Cell
Signaling Technology (Danvers, MA). The plasmid pACMV-tetO and HEK293S-TetR cells
were gifts from P. J. Reeves and H.G. Khorana (University of Essex, Colchester, UK). The
polyclonal anti-Myc antibody was from Santa Cruz Biotechnology and the enhanced

chemiluminescence detection kit was from Amersham Pharmacia. BODIPY-cyclopamine was
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from TRC (North York, Ontario, Canada), tetracycline was purchased from Sigma, and sodium
butyrate was from J. T. Baker (Mallinchrodt Baker, Phillipsburg, NJ). Blasticidin and Geneticin
were from Invitrogen (Carlsbad, CA).

Microarray - All samples were processed, scanned and quality checked on Affymetrix HG-
U133A arrays. For analysis of gene expression measures, all Affymetrix data was normalized
using model-based expression and the pair matched - mismatched method from dChip (Li et al.
(2003) in The Analysis of Gene Expression Data: Materials and Software (Parmigiani et al.
eds), pp. 120-141, Springer, New York). Subsequent to this, probe sets that showed at least a 2
fold change in expression, a minimum difference in expression of 100, and a 2 sided t-test p-
value of < .01 between the two groups were selected out for further analysis. Comparisons were
made for all experimental vs. all control, and also for experimental vs. control comparisons at 8
and 48 hour time points specifically. The lists generated in this way were then put through an
EASE .analysis (Hosack et al. (2003) Genome Biol. 4, R70) to test for enrichment of gene
ontology terms. EASE analysis indicated an enrichment in terms for steroid metabolism in the 8
hour comparison, and for an enrichment of morphogenesis and developmental terms in the 48

hour comparison.

Qrudrititative Real-Timé PCR (O-RT-PCR)’ " Q-RT-PCR"“'was pérformed “usinig “réverse-
transcribed RNA isolated from M2 cells using phenol/chloroform method. PCR reactions were
performed using iQ SYBR Green Supermix and an iCycler RT-PCR Detection System (BIO-
RAD Laboratories, Hercules, CA). Primer sequences for Gli-1, Gli-2, Gli-3, Shh and Ihh were
kindly provided by Dr. Fanxin Long (Washington University, St. Louis, MO). Ptch and Smo
primer sequences are available upon request. Q-RT-PCR data were normalized to cyclophilin
expression and relative expression levels were calculated using the 224C1 method (Livak et al.
(2001) Methods 25, 402-408).

Transient Transfection - Cells were plated into 24-well plates and transfected the next day with
Gli-dependent firefly luciferase and Renilla luciferase vectors and where indicated, Smo or Ptch
expression vectors. Total DNA per well did not exceed 500ng and FuGENE 6 Transfection
Reagent (Roche, Indianapolis, IN) was used at a ratio of 3:1 (reagent:DNA). Cells were treated

for 48 hours prior to assessing luciferase activity using the Dual Luciferase Reporter Assay
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System (Promega, Madison, WI) according to manufacturer’s instructions. Experiments were

performed in triplicate and error bars indicate one standard deviation.

Electromobility Shift Assay (EMSA) - The sequence of the OSE2 oligonucleotide was (5’
AGCTG CAATC ACCAA CCACA GCA-3’) (SEQ ID NO:1). Oligonucleotides were annealed
to their complementéry sequences by boiling and cooling. The probes were end-labeled with
v**P-ATP using polynucleotide kinase and column purified. Nuclear extracts were prepared
using the modified Dignam protocol (Osborn et al. (1989) Proc. Natl. Acad. Sci. USA 86, 2336-
2340). Nuclear extracts (10pg) were incubated in binding buffer (10mM Tris pH 7.5, 100mM
NaCl, ImM DTT, 1mM EDTA, 4% glycerol), 1pg poly(dIdC) and 0.2ng of labeled probe for 20
minutes at room temperature, and complexes were resolved on a cooled, 6% acrylamide 1X TBE

gel. Subsequently, gels were dried and exposed to film.

Alkaline Phosphatase Activity Assay, Northern Blotting and Mineralization Assay- Colorimetric
alkaline phosphatase activity assay on-whole cell extracts and Northern blotting for OCN and
18S rRNA were performed by conventional procedures. Gene expression was quantified using a

Storm840 phosphorimager and ImageQuant software (Amersham, Piscataway, NJ).

Construction of the Tetracycline-Regulated Smo Expression Plasmid, pACMV-tetO-Smo-Myc -
The Smo-Myc gene was amplified from the plasmid pGE-Smo-Myc (Taipale et al. (2002)
Nature 418, 892-897) using the primers 5°- AAAAT GAATT CAACA ACTCC GCCCC
ATTGA C-3’(SEQ ID NO:2) and 5’- CCCGC GCGGC CGCCG ACTAC GACCT AATTC
CTGC-3’ (SEQ ID NO:3). The resulting PCR product was digested with Hindlll to isolate the
Smo-Myc gene, end-repaired by using the DNA polymerase I Klenow fragment, and then
digested with No/l. The Smo-Myc gene was purified by agarose gel electrophoresis and inserted
into the plasmid pACMV-tetO, as previously described (Reeves et al. (2002) Proc. Natl. Acad.
Sci. US4 99, 13413-13418 28), to give the vector pACMV-tetO-Smo-Myec.

Construction of ‘Stable HEK293S' Cell Lites Jor Tetracycline-Indiiced Smo Geiie Expréssion -
HEK?293S-TetR cells were maintained and stably transfected with pACMV-fezO-Smo-Myc as
described (Reeves er al. (2002) (supra). Individual Geneticin-resistant colonies were expanded

and screened for Smo-Myc expression by analyzing solubilized cell extracts by SDS-PAGE
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followed by immunodetection with- anti-Myc polyclonal antibody. One cell line exhibiting
tetracycline-inducible Smoothened expression was chosen and expanded for use in all

subsequent experiments.

BODIPY-cyclopamine Binding Assay - HEK293S stable cell lines containing the inducible
Smoothened gene were grown to confluence in medium containing Geneticin (2 mg/ml) by
using 6-well plates. The growth medium was then replaced with fresh medium containing
tetracyclme (1 ug/ml) and sodium butyrate (5 mM). Aﬁer 2d, ﬂuorescence binding assays usmg
BODIPY-cyclopamme were conducted as previously descrlbed (Chen et al (2002) Genes Dev.
16, 2743-2748).

Western blotting — After treatments, cells were lysed in lysis buffer, protein concentrations
determined using the Bio-Rad protein assay (Hercules, CA), and SDS-PAGE was performed,
probing for native and phosphorylated proteins.

Statistical Analyses - Computer-assisted statistical analyses were performed using the StatView
4.5 program. All p-values were calculated using ANOVA and Fisher’s projected least significant
difference (PLSD) significance test. A value of p<0.05 was considered significant.

Results

Hedgehog Pathway Activation by Osteogenic Oxysterols - In order to elucidate the molecular
mechanisms involved in the osteoinductive effects of oxysterols, we performed a microarray
based gene.expression analysis using Affymetrix mouse 430A gene 'chips~comparing ‘mRNA
expression in the pluripotent mouse marrow stromal cell line M2-10B4 (M2) following
treatment with control vehicle or an optimum dose of the oxysterol combination, 20(S)- and
22(S)-hydroxycholesterol (SS) (5 uM, 1:1) for 8 and 48 hours. Relative to vehicle-treated
controls, oxysterol treatment induced expression of the Hh target genes G/i (GLI-Kruppel family
member GLI, NM_010296) (3.3-fold induction at 8 hours, p=0.0008, and 14-fold induction at
48 hours, p=0.0002) and Ptch (patched homolog, NM_008957) (38-fold induction at 48hours,
p=0.0001, with no apparent induction at 8 hours) relative to vehicle treated controls. Q-RT-PCR
analysis confirmed these findings and demonstrated a robust increase in Gli-1 expression at 8,

24 and 48 hours, and in Ptch expression at 24 and 48 hours (Figures 2a and 2b). No significant
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changes were found in Gli-2 or Gli-3 gene expression at these timepoints (data not shown). Cells
showed similar responses with a recombinant form of the mouse Shh amino-terminal signaling
domain (ShhN) (Figures 2a and 2b).

To further examine Hh pathway activation by oxysterols, a reporter assay using a
luciferase reporter driven by a multimerized Gli-responsive element (5’-GAACACCCA-3’)
(SEQ ID NO:4) was used. M2 cells transfected with Gli-luc and treated with SS showed a 5-fold
increase in luciferase activity over control vehicle-treated cells (Figure 2¢). Similar results were
noted upon treatment of cells with ShhN (200 ng/ml), and induction by oxysterols or ShhN was
inhibited by pre-treatment with the Hh pathway inhibitor, cyclopamine. Induction of Gli reporter
activity was not observed for non-osteoinductive oxysterols, including 7-a-hydroxycholesterol
and 7-ketocholesterol (Figure 2d), thus further supporting a role for Hh pathway activity in

oxysterol-induced osteogenesis.

Role of Liver X Receptor in Hh Pathway Activation - As specific oxysterols, including 20S and
22R, are known agonists of the nuclear hormone receptor liver X receptor (LXR), and since
LXR is expressed in M2 cells, we examined whether activation of LXR could lead to increased
Hh signaling. Gli-luc reporter assay showed no activation in cells treated with 1 or 5 uM of the
synthetic LXR agonist, TO-901317 (TO) (Figure 2d). This is consistent with our previous
finding that activation of LXR in M2 cells by simiiar concentrations of TO does not induce, but
act'uall‘y‘ inhibits ‘osteoblastic differentiation. Such potentially adverse” activation of LXR by
osteoinductive oxysterols, such as 20S, emphasizes the importance of developing strategies that
would limit its concentration if used therapeutically for osteopenic disorders. Combination
oxysterol treatment using 20S with 228, which is not an LXR agonist and appears to enhance the

osteoinductive effects of 208, is one such strategy.

Hh Pathway Activation Mediates Oxysterol-Induced Osteoblastic Differentiation - To
determine the functional role of Hh signaling in oxysterol-induced osteoblastic differentiation,
the effect of cyclopamine on oxysterol-induced markers of osteoblastic differentiation in M2
cells was evaluated. We found that the substantial induction in ALP activity produced by SS
treatment was significantly inhibited by cyclopamine in a dose-dependent manner (Figure 3a).
Similarly, EMSA analysis demonstrated that cyclopamine completely inhibited the stimulation
of Runx2 DNA binding activity in oxysterol-treated cells (Figure 3b). Furthermore, oxysterol-

induced expression of OCN, a Runx2 target gene, and increased mineralization in cultures of
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M2 cells, were inhibited by cyclopamine (Figure 3c,d). Altogether, these findings demonstrate
that the Hh signaling pathway is essential for the osteoinductive effects of oxysterols.

Mechanism of Oxysterol-Induced Hh Pathway Activation — To elucidate the mechanism by
which oxysterols cause Hh pathway activation, we first examined whether oxysterols induce the
expression of endogenous Hh molecules by M2 cells. Q-RT-PCR analysis showed that oxysterol
treatment (5 pM SS) of M2 cells for up to 48 hours produced no change in the low levels of Thh
mRNA present in vehicle-treated control cells, and that Shh mRNA in M2 cells was
undetectable with or without oxysterol treatment (data not shown). Furthermore, a Shh
neutralizing antibody did not inhibit oxysterol-induced ALP activity in M2 cells, whereas it
completely inhibited ALP activity induced by exogenously added ShhN (Figure ). These results
suggest that oxysterols do not affect endogenous Hh expression levels and must therefore cause
Hh pathway activation via a different mechanism, perhaps by modulating other members of the
Hh signaling network such as Smo and/or Ptch.

To examine this possibility, mouse embryonic fibroblasts from Smo -/- and Pitch -/- null
mice were useéd. TS ‘demonstraté that MEFs from mittant mouse embryoé are an appropriate
model system to further characterize the mechanism of oxysterol-induced Hh pathway activity,
we first tested the effects of osteogenic sterols on wild-type C3H10T1/2 MEFs. Similar to the
pluripotent marrow stromal cells, we found that C3H10T1/2 cells undergo osteoblastic
differentiation in response to oxysterols, as assessed by the induction of ALP activity (Figure 5a)
and Runx2 DNA binding activity. Treatment with oxysterols also induced Gli-luc activity in
C3H10T1/2 cells and this activity was inhibited by cyclopamine pre-treatment (Figure 5b). In

contrast to wild type MEFs, Smo-/- MEFs had very low Gli-luc activity and were unresponsive

_to treatment with oxysterols or with conditioned medium containing ShhN (ShhN-CM) (Figure

5¢). Responsiveness to SS and ShhN-CM was restored by transfection of a Smo expression
vector, with no change in baseline reporter activity (Figure 5c). Smo -/- MEFs also failed to
undergo osteoblastic differentiation in response to oxysterols (Figure 5d), although treatment
with bone morphogenetic protein 7 (BMP-7), did induce ALP activity in Smo-/~ MEFs, thus
bypassing the requirement for Hh pathway activity and confirming the inherent ability of these
cells to differentiate along the osteoblastic lineage (Figure 5d). Studies using Pich-/- MEFs, in
which baseline Hh pathway’ activity is high due to constitutive Smo activit);, demonstrated that

neither oxysterols nor ShhN-CM induced further pathway activation (Figure 5€). Reintroduction
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of Ptch into Ptch-/- cells re-established Smo regulation, reduced baseline Hh pathway activity,
and restored sensitivity to oxysterols and ShhN-CM in pathway activation (Figure 5e). These
results indicate that oxysterol induction of Hh pathway activity requires Smo, and that further
activation by oxysterols does not occur when Smo is fully active due to loss of Ptch.

We next examined the possibility that oxysterols may stimulate Hh pathway activity by
directly binding to and activating Smo, as previously demonstrated for pathway agonists Smo
agonist (SAG) and purmorphamine. Gli-luc reporter activity in Ptch-/- MEFs can be suppressed
in a dose-dependent manner by treatment with the Smo antagonist cyclopamine, which acts by
directly binding to and inhibiting Smo (Figure 5f). If oxysterols act by binding to and activating
Smo,b then a shift in the effective concentration of cyclopamine required for bathway inhibition
would be expected. For example, the ICSd of cyclopamine action is shifted by several orders of
magnitude upon treatment with Hh pathway-activating concentrations of the Smo agonists SAG
and purmorphamine. We noted, however, that oxysterols did not cause dramatic shifts in the
concentrations of cyclopamine required to inhibit Gli-luc activity in Ptch-/- MEFs (Figure 5f),
suggesting that oxysterol action is not directly antagonistic to that of cyclopamine. Furthermore,
we tested whether oxysterols can compete for binding of a fluorescent derivative of
cyclopamine, BODIPY-cyclopamine (B-cyc), to cells expressing Smo. Following induction of
Smo expression in HEK293S cells stably transfected with an inducible Smo expression
construct, cells were co-treated with oxysterols or the potent cyclopamine derivative KAAD-
cyclopamine in the presence of B-cyc and subjected to fluorescence activated cell sorting
(FACS) analysis. We found that binding of B-cyc to HEK293S cells overexpressing Smo was
not affected by SS, whereas KAAD-cyclopamine dramatically reduced B-Cyc binding (Figure
5g).

. The Role of Protein Kinase C and Protein Kinase A in Oxysterol-lhdu‘ced Hh Pathway
Activation — We previously reported that oxysterol-induced osteoblastic differentiation of cells is
mediated via protein kinase C (i’KC)~ and protein kinase A (PKA)-dependent mechanisms. The
role of these signaling pathways in regulating the different markers of osteoblastic
differentiation appears to be both specific and overlapping. To begin elucidating the possible
role of PKC and PKA in mediating oxysterol-induced Hh pathway activation, we examined the
effect of PKC and PKA inhibitors on markers of Hh pathway activation. Pretreament of M2

cells with the PKCdselective inhibitor, rottlerin, previously found to inhibit osteoblastic
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differentiation induced by oxysterols, dose-dependently inhibited oxysterol-induced Gli-1 and
Ptch mRNA expression (Figure 6a,b). Similarly, oxysterol-induced Gli-1 and Ptch expression
was inhibited in cells whose PKC stores were depleted following overnight pretreatment with 1
uM PMA (Figure 6¢,d). We next examined whether oxysterols induced PKC activation by
assessing the levels of phosphorylated MARCKS (pMARCKS), a PKC substrate, by Western
blotting. Whole cell lysates from M2 cells treated for 10 min, 30 min, 2 hours, 8 hours, 24 hours
of 48 hours with'S pM SS did not show any increase in pMARCKS levels compared to control
untreated cells (data not shown), whereas a 30 min treatment with PMA clearly induced
MARCKS phosphorylation.

To examine the possible role of PKA in oxysterol-induced Hh pathway activation, the
effect of PKA inhibitor, H-89, previously found to inhibit the induction of some, but not all,
markers of osteoblastic differentiation, on oxysterol-induced Gli-1 and Ptch mRNA expression
was assessed by Q-RT-PCR. Results showed that pretreatment of M2 cells with H-89 (5-15 pM)
did not inhibit oxysterol-induced Gli-1 or Ptch expression after 24 hours of treatment (data not
shown). Furthermore, treatment of M2 cells for 24 hours with SS (5 uM) together with the PKA
pathway activator, forskolin (10 uM), completely inhibited oxysterol-induced Gli-1 and Pich
expression (data not shown). Finally, Western blotting of whole cell lysates from oxysterol-
treated cells showed no significant induction of phosphorylated PKA (pPKA) or phosphorylated
CREB (pCREB) levels compared to control untreated cells at 81m11ar time points descrlbed
above for the examination of pMARCKS levels (data not shown). In contrast, a 30 mmute

treatment with forskolin (10 pM) significantly induced pCREB levels. °

Experiments such as those discussed above were conducted with the individual
oxysterols of the invention to confirm that the osterinductive effects of those oxysterols are also
mediated by hedgehog signaling. Figure 10 shows that at least Oxy 8, 10, 11, 12, 13, and 14
stimulate the Glil reporter in M2-10B4 Marrow Stromal Cells.

Furthermore, the expression of Glil (a major mediator of hedgehog signaling events) is
inhibited in M2 cells by using siRNA gene silencing methodology. Once we have confirmed that
Glil expression is inhibited in our cells, we examine the effects of the synthetic oxysterols on
those cells by assessing their ability to induce osteogenic cellular responses including Runx2

expression and DNA binding activity, osteocalcin mRNA expression, alkaline phosphatase
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activation and mineralization. It is expected that these assays will confirm that hedgehog

signaling mediates the effects of the synthetic oxysterols of the invention.

Example VIII - Syntheses of Oxysterols
Some sources pertaining to the synthesis of oxysterols are as follows: Drew, J. et al., J.

Org. Chem., 52 (1987) 4047-4052; Honda, T. et al., J. Chem. Soc., Perkin Trans. I, (1996)
2291-2296; Gen, A. V. D. et al. J. Am. Chem. Soc., 95 (1973) 2656-2663; Mazzocchi, P. H. et
al. S. J. Org. Chem., 48 (1983) 2981-2989; Byon C. et al., J Org Chem, 41 (1976) 3716-3722;
Rao, A.S,, Comprehensz'&e Organic Synthesis, Pergamon Press, Eds. Trost BM, Fleming I., 7 .
(chapter 3.1) (1991) 376-380.

A. Method of Synthesis of Oxyl11 and Oxyl2
L Route to Synthesis of Oxyl1l

Imidazole (ImH) can be added to a solution of pregnenolone (compound 3, see Scheme
1) in anhydrous dimethylformamide (DMF). Tert-butyldimethylsilyltrifluoromethanesulfonate
can then be added to the solution. The reaction product can be purified to obtain compound 4,
1-((3S,8S5,95,10R,13S5,145,175)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-3-[(1,1-
dimethylethyl)dimethylsilyloxy]-10,13-dimethyl-1 H-cyclopenta[a]phenanthren-17-yl) ethanone,

as shown in Scheme 2.

The Grignard reagent 3-methylbenzylmagnesium bromide can then be reacted with 4 in a
mixture of diethyl ether and tetrahydrofuran (THF). The silyl ether can be removed by the

addition of tetrabutylammonium fluoride to yield compound 5a (Oxy 11) as shown in Scheme 1.

2. Route to Synthesis of Oxy12

The Grignard reagent isoheptylmagnesium bromide can then be reacted with 4 in a

mixture of diethyl ether and THF. The silyl ether can be removed by the addition of

tetrabutylammonium fluoride to yield compound 5S¢ (Oxy 12) as shown in Scheme 1.
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4 5b Oxy8 R = (CH,),CHMe,

3, pregnenolone 5¢ Oxy12 R = (CH,),CHMe,

5e Oxy14 R = (CH,),CH=CMe,
OH

Me.,,
Me

5d Oxyt3

Scheme 1

B. Method of Synthesis of Oxyl12 and Oxyl13
1. Alternative Route to Synthesis of Oxyl12

1-((35,85,98,10R,135,14S5,17S)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-3-[(1,1-
dimethylethyl)dimethylsilyloxy]-10,13-dimethyl-1H-cyclopenta[a]phenanthren-17-yl)
ethanone, 1

To a stirred solution of pregnenolone (5.0 g, 15.8 mmol) in anhydrous
dimethylformamide (DMF, 180 mL) was added imidazole (2.7 g. 39.7 mmol). The reaction was
allowed to stir for 20 min followed by slow addition of terz-butyldimethylsilyl chloride (3.6 g.,
23.9 mmol). After stirring for 12 h at ambient temperature, the reaction mixture was poured over
ice. The precipitates were collected and dissolved in diethyl ether. The organic phases were
washed with brine, dried over Na,SO, and evaporated in vacuo to yield compound 1 (6.7 g,
15.6 mmol, 98%) as a white powder which was used without further purification. The
spectroscopic data was identical to those reported in the literature (Drew et al. (1987) J. Org.
Chem. 52, 4047-4052).

(3S,8S,9S,10R,13S,14S,17S)-2,3,4,‘7,8,9,10,1 1,12,13,14,15,16,17-tetradecahydro-3--[(1,1-
dimethylethyl)dimethylsilyloxy]-17-((S)-2-hydroxy-7-methyloctan-2-yl)-10,13-dimethyl-
1H-cyclopenta[a]phenanthrene, 2

To a stirred suspension of samarium metal (758 mg, 5.0 mmol) and 3 A molecular sieves

(0.5 g) in anhydrous tetrahydrofuran (THF, 9.5 mL) was slowly added a solution of 1,2-
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diiodoethane (1.3 g, 4.6 mmol) in THF (9.5 mL) at ambient temperature. After the reactibn
stirred for 30 min, hexamethylphosphoramide (HPMA, 3.0 mL, 17.2 mmol) was added to the
reaction mixture and continued stirring for an additional 20 min. Then, a solution of ketone 1
(500.0 mg, 1.16 mmol) in THF (6.0 mL) was added followed by a solution of 1-bromo-5-
methylhexane (208.0 mg, 1.16 mmol) in THF (2.0 mL). The reaction was allowed to stir for an
additional hour until the starting material was completely consumed. After this, the reaction
mixture was slowly treated with saturated NaHCO3, filtered through Celite and rinsed three
times with an excess amount of diethyl ether. The ‘ﬁltrate was treated with water and extracted
with diethyl ether. The ether extracts were washed with brine, dried over Na;SO4 and evaporated
in vacuo to give a residue which was purified via silica gel chromatography. Elution with
hexane-diethyl ether (4:1, v/v) afforded compound 2 (350.0 mg, 0.6 mmol, 57%) as a white
powder (Honda et al. (1996) J. Chem. Soc., Perkin Trans. 1, 2291-2296).

'"H NMR (500 MHz, CDCl3) & 0.05 (s, 6H), 0.86 (s, 3H), 0.86 (d, J = 6.6 Hz, 6H), 0.89 (s, 9H),
1.00 (s, 3H), 1.02-1.17 (m, 8H), 1.26 (s, 3H), 1.29-1.81 (m, 18H), 1.95-1.99 (m, 1H), 2.07-2.10
(m, 1H), 2.14-2.18 (m, 1H), 2.24-2.26 (m, 1H), 3.46-3.50( m, 1H), 5.31 (app t, J = 5.2 Hz, 1H).
3C NMR (125 MHz, CDCly) & -4.7, 13.5, 18.1, 19.3, 20.8, 22.2, 22.4, 22.5, 23.7, 24.4, 25.8,
26.3, 27.8, 27.9, 31.2, 31.7, 32.0, 36.5, 37.3, 38.9, 40.0, 42.5, 42.7, 43.9, 50.0, 56.8, 57.4, 72.4,
75.0, 120.9, 141 .4. '

(35,85,9S5,10R,13S5,148,178)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-17-((S)-2-
hydroxy-7-methyloctan-2-yl)-10,13-dimethyl-1H-cyclopenta[a]phenanthren-3-ol, Oxy12

To a solution of compound 2 (300.0 mg, 0.57 mmol) in anhydrous THF was added a
1.0 M solution of tetrabutylammonium fluoride in THF (2.5 mL, 2.5 mmol) and the solution was
allowed to stir at ambient temperature. After 12 h, the reaction was treated with water and
extracted three times with diethyl ether. The organic phases were collected, dried over Na;SO4

and concentrated in vacuo to give an oil. Flash column chromatography of this oil (silica gel, 1:3
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hexane/diethyl ether) yielded the compound Oxy12 (210.0 mg, 0.50 mmol, 88%).as a white

powder.

on

Oxy12

HO'

'"H NMR (500 MHz, CDCls) & 0.86 (s, 3H), 0.86 (d, J = 6.6 Hz, 6H), 1.01 (s, 3H), 1.02-1.25 (m,
11H), 1.26 (s, 3H), 1.42-1.76 (m, 14H), 1.82-1.85 (m, 2H), 1.95-1.99 (m, 1H), 2.07-2.11 (m,
1H), 2.23-2.30 (m, 2H), 3.49-3.55 (m, 1H), 5.35 (app t, J= 5.2 Hz, 1H). 3C NMR (125 MHz,
CDCl3) 5.13.5, 19.3, 20.8, 22.2, 22.5, 23.7, 24.4, 26.3, 27.8, 27.9, 31.2, 31.5, 31.7, 36.4, 37.1,
38.9, 39.0, 40.0, 42.2, 42.5, 44.0, 56.8, 57.5, 71.7, 75.1, 121.5, 140.7.

2. Route to Synthesis of Oxyl3

Ethyl 4-methylpent-4-enoate, 7

A solution of 2-methyl-2-propen-l-ol (12.9 g, 0.18 mol),_ triethyl orthoacetate (230.0 mL,
1.3 mol) and propionic acid (0.9 mL, 0.12 mol) was heated to 170 °C (external). The reaction
apparatus was equipped with a Vigreaux Claisen adapter with a collection flask to remove the
ethanol produced. - The reaction mixture was left under reflux overnight. The excess amount of
trlethyl or'thoacetété was gently distilled off at 130 mm Hg until the temperature in the reaction
flask began to increase. After the reaction was cool, the remaining liquid was treated with
300 mL of 10% monobasic potassium phosphate and the left reaction was stirred for 90 min at
ambient temperature. The reaction mixture was extracted with diethyl ether (3 x 100 mL). The
combined organic phase was dried over Na;SO; and concentrated in vacuo to give a yellow oil.
Flash colunin chromatography of this oil (silica gel, 4:1 hexane/diethyl ether) afforded
compound 7 as a colorless oil (17.0 g, 0.12 mmol, 67%) (Gen et al. (1973) J. Am. Chem. Soc.
95, 2656-2663).
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H NMR (500 MHz, CDCls) & 1.25.(t, J = 7.2 Hz, 3H), 1.74 (s, 3H), 2.33 (t, /= 7.9 Hz, 2H),
2.45 (t, J= 8.0 Hz, 2H), 4.13 (q, J= 7.1 Hz, 2H), 4.68 (s, 1H), 4.74 (s, 1H).

4-Methylpent-4-en-l-ol, 8

To a flame-dried flask that was purged under argon for 20 min was added LiAlH4
followed by 150 mL of anhydrous THF. The reaction mixture was cooled to 0 °C and a solution
of compound 7 in THF (20 mL) was added slowly. The resulting solution was allowed to warm
to room temperature and was stirred for 3 h until the starting material was completely consumed
as indicated by TLC. The reaction was quenched by slow addition of the mixture to 300 mL of
ice cold 1M NaOH. The mixture was then allowed to stir for another hour and was filtered
through Celite. A large amount of diethyl ether was used for rinsing. The filtrate was treated
with water and extracted twice with diethyl ether. The combined organic phase was dried over
Na,SO; and evapofated in vacuo to give a residue which was purified via distillation at
20 mm Hg (bp 65-68 °C) to afford compound 8 as a yellow oil (9.5 g, 0.095 mol, 79%)
(Mazzocchi et al. (1983) J. Org. Chem. 48, 2981-2989).

)Wm

TH NMR (500 MHz, CDCls) & 1.47 (br, 1H), 1.69-1.74 (m, 5H), 2.1 (t, J = 7.5 Hz, 2H), 3.66 (,
J=6.5 Hz, 2H), 4.71 (d, J= 0.8 Hz, 1H), 4.73 (d, J= 0.8 Hz, 1H), 4.73 (d, J= 0.4 Hz, 1H); °C
NMR (125 MHz, CDCL), § 22.22, 30.41, 33.98, 62.64, 110.08, 145.40.

5-Bromo-2-methyl-1-pentene, 9

To a solution of compound 8 (8.8 g, 0.088 mol) in pyridine (150 mL) cooled to 0 °C was
added p-toluenesulfonyl chloride (35.0 g, 0.18 mol) in small portions. After the reaction mixture
stirred for 20 minutes, it was allowed the reaction mixture to warm to room temperature over 3
h. The solution was acidified with 1 M HCI and extracted three times with diethyl ether. The
ether extracts were washed with 1 M HCL, saturated NaHCO; and brine. The combined organic
layers were dried over Na;SO4 and evaporated in vacuo to yield the crude tosylate which was

used without further purification.

The tosylate (23.8 g, 0.094 mol) was dissolved in acetone (150 mL) and LiBr (17.0 g,

0.20 mol) was added slowly at ambient temperature. The reaction was left under reflux at 75 °C
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for 3 h. The solution was poured into ice water and extracted with diethyl ether (3 x 200 mL).
The combined the organic layers were dried over Na;SO; and concentrated in vacuo to afford a
yellow oil. Flash column chromatography of this oil (silica gel, 9:1 hexane/diethyl ether) gave
compound 9 (7.0 g, 0.043 mol, 49%) as a colorless oil.

)\/\/9’
"H NMR (500 MHz, CDCl) 3 1.73 (s, 3H), 1.97-2.02 (m, 2H), 2.16 (t, J= 7.2 Hz, 2H), 3.41 (1,

J= 6.7 Hz, 2H), 4.72 (d, J = 1.0 Hz, 1H), 4.76 (d, J= 0.5 Hz, 1H); '*C NMR (125 MHz, CDCls)
$22.18, 30.47, 33.17, 35.92, 110.88, 143.82.

(35,85,95,10R,135,14S5,175)-2,3,4,7,8,9,10,1 1,12,13,14,15,16,17-tetradecahydro-3-[(1,1-
dimethylethyl)dimethylsilyloxy]-17-((S)-2-hydroxy-6-methylhept-6-en-2-yl)-10,13-
dimethyl-1H-cyclopentaja]phenanthrene, 10

The coupling reaction of the protected pregnenolone 1 (500.0 mg, 1.16 mmol) with 5-
bromo-2-methyl-1-pentene 9 (199.0 mg, 1.22 mmol) in the presence of samarium diiodide was

performed under similar condition as described for the preparation of 2 to afford the 20S-

hydroxy steroid 10 (419.0 mg, 0.82 mmol, 71%) as a white powder.

'"H NMR (500 MHz, CDCls) & 0.05 (s, 6H), 0.86 (s, 3H), 0.89 (s, 9H), 1.00 (s, 3H), 1.13-1.22
(m, 5H), 1.28 (s, 3H), 1.32-1.55 (m, 11H), 1.71 (s, 3H), 1.72-1.79 (m, 5H), 1.97-2.0 (m, 6H),
3.47-3.48 (m, 1H), 4.67 (s, 1H), 4.70 (s, 1H), 5.31 (app t, J= 5.3 Hz, 1H). '*C NMR (125 MHz,
CDCls) & -4.7, 13.5, 18.1, 19.3, 20.8, 22.1, 22.2, 22.3, 23.7, 25.8, 26.3, 31.2, 31.7, 32.0, 36.5,
37.3,38.2, 40.0, 42.6, 42.7, 43.4, 50.0, 56.8, 57.7, 72.5, 75.0, 109.8, 120.9, 141.5, 145.7.

(35,85,95,10R,135,145,17S)-2,3,4,7,8,9,10,11,12,13,14,15,16,1 7-tetradecahydro-17-((S)-2-
hydroxy-6-methylhept-6-en-2-yl)-10,13-dimethyl-1H-cyclopenta[a]phenanthren-3-ol,
Oxy13
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The deprotection of the silyl ether 10 was carried out under similar conditions as those
used for the preparation of the compound Oxy12 to afford compound Oxy13 (300.0 mg, 0.75

mmol, 91%) as a white powder.

HO'

'H NMR (500 MHz, CDCls) & 0.86 (s, 3H), 1.00 (s, 3H), 1.12-1.20 (m, 5H), 1.28 (s, 3H), 1.32-
1.65 (m, 14H), 1.73 (s, 3H), 1.83-2.0 (m, 5H), 2.07-2.09 (m, 1H), 2.23-2.28 (m, 2H), 2.48 (br,
1H), 3.52-3.54 (m, 1H), 4.67 (s, 1H), 4.70 (s, 1H), 5.35 (app t, J = 2.0 Hz, 1H). '*C NMR (125
MHz, CDCl;) & 13.5, 19.3, 20.8, 22.1, 22.2, 22.3, 23.7, 26.3, 31.2, 31.5, 31.7, 36.4, 37.1, 38.2,
40.0, 422, 42.6, 43.4, 49.9, 56.8, 57.7, 71.6, 75.0, 109.8, 121.5, 140.7, 145.7.

C. Method of Synthesis of Oxyl5 and Oxyl16

The pregnenolone silyl ether (compound 4, see Schemes 1 and 2) can be reacted with 4-
methylpentynyllithium in tetrahydrofuran (THF) and the resulting alcohol was then reduced
using Lindlar’s catalyst to give a mixture of cis and trans alkenes which were separated. The cis
isomer was epoxidized using t-butyl hydroperoxide and vanadyl acetoacetate to give a mixture
of the two epoxides (the first s;hown in Scheme 2 being major). Hydride reduction of the
hydroxy epoxides individually gave the diols. Final removal of the silyl ether of the two diols

gave the triols, Oxy15 and Oxy16.
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1) LiC=C-CH,CHMe,
—THF

2) Hy/Cat./EtOAC;
separate TBSO

Me}j,o
Me

Scheme 2

From the foregoing description, one skilled in the art can easily ascertain the essential
characteristics of this invention, and without departing from the spirit and scope thereof, can
make changes and modifications of the invention to adapt it to various usage aﬁd conditions and
to utilize the present invention to its fullest extent. The preceding preferred specific
embodiments are to be construed as merely illustrative, and not limiting of the scope of the
invention in any way whatsoever. The entire disclosure of all applications, patents, and
publications cited above and in the figures, including U.S. provisional applications 60/776,990,
filed February 27, 2006; 60/802,737, filed May 22, 2005; and 60/809,736, filed May 31, 2006;

all of which are hereby incorporated by reference in their entirety.
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WE CLAIM

1. A compound having Formula I,

wherein J is H or OH,
wherein L is H or O_H,

wherein at least one of J and L is H,

wherein at least one of J and L is OH, and

wherein R1 is selected from the group consisting of alkane of from 1 to 6 carbons, alkene
of from 2 to 6 carbons, and phenyl optionally substituted with methyl,

provided that R1 is not 3-methylbutyl,

provided that when J is OH, R1 is not 3-methyl-2-butenyl, and

provided that when L is OH, R1 is not n-propyl.

2. The compound of claim 1,
wherein J is OH and L is H and
wherein R1 is selected from the group consisting of alkane of from 5 to 6 carbons, alkene

of from 5 to 6 carbons, and phenyl optionally substituted with methyl.

3. The compound of claim 1, being Oxy 13,
wherein J is OH and L is H and
wherein R1 is 3-methyl-3-butenyl.

4. The compound of claim 1, being Oxy 12,
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10.

11.

wherein J is OH and L is H and
wherein R1 is 4-methylpentyl.

The compound of claim 1, being Oxy 11,
wherein J is OH and L is H and
wherein R1 is 3-methylphenyl.

The compound of claim 1,
wherein J is H and L is OH and

wherein R1 is alkane of from 1 to 6 carbons.

The compound of claim 1, being Oxy 4,
wherein J is H and L is OH and

wherein R1 is methyl.

The compound of claim 1, being Oxy 3,
wherein J is H and L is OH and
wherein R1 is ethyl.

The compound of claim 1, being Oxy 7,
wherein J is H and L is OH and
wherein R1 is 4-methylpentyl.

The compound of claim 1, being Oxy 9,
wherein J is H and L is OH and

wherein R1 is n-butyl.

A pharmaceutical composition comprising a compound of Formula I,
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and a pharmaceutically acceptable carrier,
wherein J is H or OH,
wherein L is H or OH,

wherein at least one of J and L is OH, and

wherein R1 is selected from the group consisting of alkane of from 1 to 6 carbons, alkene
of from 2 to 6 carbons, and phenyl optionally substituted with methyl,
provided that when one of J and L is H, R1 is not 3-methylbutyl.

12.  The pharmaceutical composition of claim 11,
wherein J is OH and L is H.

13. The pharmaceutical composition of claim 12,
wherein R1 is selected from the group consisting of alkane of from 5 to 6 carbons, alkene

of from 5 to 6 carbons, and phenyl optionally substituted with methyl.

14.  The pharmaceutical composition of claim 13,

provided that R1 is not 3-methyl-2-butenyl.

15.  The pharmaceutical composition of claim 11,
wherein J is OH and L is H and
wherein R1 is 3-methylphenyl.

16.  The pharmaceutical composition of claim 11,

wherein J is OH and L is H and
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17.

18.

19.

20.

21.

22.

23.

24.

wherein R1 is 4-methylpentyl.

The pharmaceutical composition of claim 11,
wherein J is OH and L is H and
wherein R1 is 3-methyl-3-butenyl.

The pharmaceutical composition of claim 11,
wherein J is OH and L is H and
wherein R1 is 3-methyl-2-butenyl.

The pharmaceutical composition of claim 11,

wherein J is H and wherein L is OH.

The pharmaceutical composition of claim 19

wherein R1 is alkane of from 1 to 6 carbons.

The pharmaceutical composition of claim 11;
wherein J is H and wherein L is OH and

wherein R1 is methyl.

The pharmaceutical composition of claim 11,
wherein J is H and wherein L is OH and

wherein R1 is ethyl.

The pharmaceutical composition of claim 11,
wherein J is H and wherein L is-OH and

wherein R1 is n-butyl.
The pharmaceutical composition of claim 11,

wherein J is H and L is OH and
wherein R1 is 4-methylpentyl.
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25.  The pharmaceutical composition of claim 11,
wherein J is OH and L is OH.

26.  The pharmaceutical composition of claim 25,

wherein R1 is alkane of from 1 to 6 carbons.

27. The pharmaceutical composition of claim 11,
wherein J is OH and L is OH and
wherein R1 is 3-methylbutyl.

28. A pharmaceutical composition comprising at least two of Oxy 3, Oxy 4, Oxy 7, Oxy 9,
Oxy 11, Oxy 12, Oxy 13, Oxy 14, and Oxy 15.

29.  The pharmaceutical composition of claim 11 or claim 28, further comprising at least one
of 20(8S)-hydroxycholesterol, 22(S)-hydroxycholesterol, or 22(R)-hydroxycholesterol.

30.  The pharmaceutical composition of any of claims 11, 28, or 29, further comprising at
least one additional agent, selected from the group consisting of parathyroid hormone, sodium
fluoride, insulin-like growth factor I (ILGF-I), insulin-like growth factor II (ILGF-II),
transforming growth factor beta (TGF-B), a cytochrome P450 inhibitor, a phospholipase
activator, arachadonic acid, a COX enzyme activator, an osteogenic prostanoid, an ERK

activator, BMP 2, 4, 7 and 14.

31. A complex comprising an oxysterol of claim Oxy 3, Oxy 4, Oxy 7, Oxy 9, Oxy 11,
Oxy 12, Oxy 13, Oxy 14, or Oxy 15 and an oxysterol binding protein or receptor.

32, The complex of claim 31, which is in vitro.
33. The complex of claim 3i, which is in a subject.

34. A Kkit comprising a pharmaceutical composition of claim 11, optionally in a container.
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35. A method for modulating a hedgehog (Hh) pathway mediated response in a cell or tissue,

comprising contacting the cell or tissue with an effective amount of Oxy 12, Oxy 13, or Oxy .14.
36. The method of claim 35, wherein the cell or tissue is in vitro.
37. The method of claim 35, wherein the cell or tissue is in a subject.

38. The method of claim 37, wherein the pathway mediated response is stimulation of
osteomorphogenesis, osteoproliferation or hair growth; or the inhibition of adipocyte

morphogenesis or adipocyte proliferation.

39. A method for treating a subject with a bone fracture, or osteoporosis, or suffering from
osteoporitis, obesity, cancer, a neurological disorder, alopecia, a cardiovascular disorder, or
osteoarthritis,” comprising administering to the subject an effective amount of a pharmaceutical

composition comprising Oxy 3, Oxy 4, Oxy 7, Oxy 11, Oxy 12, Oxy 13, Oxy 14, or Oxy 15.

40. A method for inducing osteoblastic differentiation of a mammalian mesenéhymal stem
cell, comprising contacting the cell with an effective amount of a pharmaceutical composition

comprising Oxy 7, Oxy 9, Oxy 11, Oxy 12, Oxy 13, Oxy 14, or Oxy 15.

41. The method of claim 40, further comprising treating the mammalian mesenchymal cell
with at least one secondary agent, selected from the group consisting of parathyroid hormone,
sodium fluoride, insulin-like growth factor I (ILGF-I), insulin-like growth factor II (ILGF-II)
and transforming growth factor beta (TGF-).

42.  The method of claim 40, further comprising treating the mammalian mesenchymal cells
with at least one secondary agent selected from the group consisting of cytochrome P450
inhibitors, phospholipase activators, arachadonic acid, COX enzyme activators, osteogenic

prostanoids and ERK activators.

43. A method for stimulating a mammalian cell to express a level of a biological marker of

osteoblastic differentiation which is greater than the level of the biological marker in an
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untreated cell, comprising exposing the mammalian cell to an effective amount of a
pharmaceutical composition comprising Oxy 7, Oxy 9, Oxy 11, Oxy 12, Oxy 13, Oxy 14, or
Oxy 15.

44.  The method of claim 43, wherein the biological marker is alkaline phosphatase activity,

calcium incorporation, mineralization and/or expression of osteocalcin mRNA.

45.  The method of claim 43, wherein the mammalian cell is selected from the group
consisting of a mesenchymal stem cell, an osteoprogenitor cell and a cell in a calvarial organ

culture.

46. A method for treating a subject to increase the differentiation of marrow stromal cells
into osteoblasts, comprising administering a pharmaceutical composition comprising Oxy 7,
Oxy 9, Oxy 11, Oxy 12, Oxy 13, Oxy 14, or Oxy 15 at a therapeutically effective dose in an
effective dosage form at a selected interval to increase the number of osteoblasts present in bone

tissue.

47. A method for treating a patient to induce bone formation comprising administering a
pharmaceutical composition comprising Oxy 7, Oxy 9, Oxy 11, Oxy 12, Oxy 13, Oxy 14, or
Oxy 15 at’a therapeutically effective dose in an effective dosage form ‘at a selected interval to

increase bone mass.

48. A method for treating a patient exhibiting clinical symptoms of osteoporosis comprising
administering a pharmaceutical composition comprising Oxy 7, Oxy 9, Oxy 11, Oxy 12,
Oxy 13, Oxy 14, or Oxy 15 at a therapeutically effective dose in an effective dosage form at a

selected interval to ameliorate the symptoms of the osteoporosis.

49, A method for treating a subject to induce bone formation comprising:

harvesting mammalian mesenchymal stem cells;

treating the mammalian mesenchymal cells with at least one of Oxy 7, Oxy 9, Oxy 11,
Oxy 12, Oxy 13, Oxy 14, or Oxy 15,
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wherein the at least one oxystero! induces the mesenchymal stem cells to express
at least one cellular marker of osteoblastic differentiation; and

administering the differentiated cells to the subject.

50. An implant for use in the human body comprising, a substrate having a surface, wherein
at least the surface of the implant includes a pharmaceutical composition comprising at least one
of Oxy 7, Oxy 9, Oxy 11, Oxy 12, Oxy 13, Oxy 14, or Oxy 15 in an amount sufficient to induce
bone formation in the surrounding bone tissue.

\
51.  The implant of claim 50, wherein the substrate is formed into the shape of a pin, screw,

plate, or prosthetic joint.

52. A method for inhibiting adipocyte differentiation of a mammalian mesenchymal stem
cell, comprising contacting the mesenchymal stem cell with an effective amount of a

pharmaceutical composition comprising Oxy 11, Oxy 12, Oxy 13, Oxy 14, or Oxy 15.
53. The method of claim 52, wherein the cell is in vitro.
54, The method of claim 52, wherein the cell is in a subject.

55. A method for treating a subject in need of wound healing, angiogenesis, an increase in
osteomorphogenesis or osteoproliferation, weight reduction, hair growth, the enhancement of
cartilage production, or suffering from a neurological disorder, comprising administering to the
subject an effective amount of a pharmaceutical composition comprising a formula of Oxy 7,
Oxy 9, Oxy 11, Oxy 12, Oxy 13, Oxy 14, or Oxy 15.

56. A method for treating a subject in need of hair growth, comprising administering to the

subject an effective amount of a pharmaceutical composition comprising a formula of Oxy 3,
Oxy 4, Oxy 7, Oxy 8, Oxy 9, Oxy 10, Oxy 11, Oxy 12, Oxy 13, Oxy 14, or Oxy 15.
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57. A method for identifying a modulator of a hedgehog pathway-mediated activity,
comprising screening a candidate oxysterol for the ability to stimulate the activity of Glil

promoter; in an in vitro assay.
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